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ABSTRACT 
This thesis describes a series of styrene (ST) and divinylbenzene (DVB) emulsion templated 
polymer foams prepared via low, medium and high internal phase emulsion templates 
(L/M/HIPE templates). The emulsion templates were stabilized using different commercially 
available technical surfactants and surfactant mixtures. Since the chemical nature of the 
chosen technical surfactants is unknown, the surfactants where characterized by means of 
Fourier Transform Infrared (FT-IR) and Nuclear Magnetic Resonance (NMR) spectroscopy, 
Electro Spray Ionization Mass- (ESI-MS) and Matrix-Assisted-Laser-Desorption-Ionization-
Time-of-Flight-Mass Spectrometry (MALDI-TOF-MS). Additionally their adsorption at the 
water/ST:DVB interface was studied. The investigation regarding the preparation of 
surfactant stabilized emulsion templates and their polymerization products revealed that 
the most commonly used surfactant Span 80 is not the best suited surfactant to stabilize 
styrene/divinylbenzene emulsion templates which is why different surfactants were used in 
the thesis at hand. All successfully prepared poly(merized)HIPEs proved to have 
interconnected, open porous polymer foam structures. In contrast, the pore structure of 
polyMIPEs was open, closed or non-droplet shaped, depending on the surfactant used to 
stabilize the corresponding emulsion template. The mechanical compression properties of 
all prepared polyHIPEs were similar and independent of the HIPE formulation from which 
they were produced but the mechanical properties of polyMIPEs differed significantly. The 
influence of the surfactants on the morphology and mechanical properties of the resulting 
macroporous polymers will be discussed in detail. 
Furthermore, the relationship between the relative density (porosity) of the polymer foams 
and the mechanical response under compression was investigated. The semi-empirical 
models developed by Gibson and Ashby were applied and additionally modified to provide a 
more accurate description of the mechanical behaviour over a larger relative density range 
of polymer foams prepared via emulsion templating (polyL/M/HIPEs). This allows a 
prediction of the mechanical properties as a function of the relative density of the 
respective polymer foams and vice versa for the specified emulsion template formulation. It 
is obvious that the surfactant type and the internal phase volume ratio of the emulsion 
template used to produce macroporous polymer foams significantly determine their 
resulting mechanical properties, as clear transition states for polyH/M/LIPEs were identified 
-x- 
in which the mechanical properties of these materials changed dramatically. The effect of 
the surfactant on the mechanical properties and the polymer foam morphology is discussed 
in terms of the surfactant’s solubility in the polymer and thus in terms of its role as 
plasticizer. 
Finally, the influence of the pore size on the mechanical properties was investigated. It was 
found that the preparation process (emulsification and polymerization) of the emulsion 
templates is very crucial for the mechanical properties of the resulting polymer foams 
(reproducibility). More precisely, it was found out that the emulsion templates need to 
‘equilibrate’ after emulsification. It was only for these emulsions that average pore sizes and 
mechanical properties could be reproduced. 
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A normalizing factor  
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polymer 
AB represents the hydrophobic side chain (A) and hydrophilic 
head group of the surfactant (B), respectively. 
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polymer 
ABA represents the two hydrophobic side chains (A) on the 
hydrophilic head group (B) of the surfactant, respectively. 
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'  modified proportionality constant  
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ci molar concentration of the solute [mol/L] 
CMC critical micelle concentration [mol/L] 
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d droplet/pore diameter [m] 
de equatorial diameter of the pore [m] 
d0 diameter  [m] 
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d32 Sauter diameter [m] 
d(D) droplet diameter [m] 
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DMA dynamic mechanical analysis  
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E elastic (Young’s) modulus; initial slope of the stress strain plot  [MPa] 
Elimit limiting elastic modulus at ρ* = 0 [MPa] 
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g gravity acceleration constant [g = 9.81 m/s2] 
GA Gibson and Ashby  
h/d specimen ratio; height divided by diameter  
HIPE 
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Φ > 75  vol.-% internal phase ratio 
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IFT interfacial tension between two liquid phases [J/m2 = N/m] 
I-HIPE inverse HIPE or o/w-HIPE  
IPN interpenetrating polymer networks  
KL Langmuir sorption coefficient  
KPS potassium peroxodisulfate  
l length of cubic pores [m] 
LIPE low internal phase emulsion, Φ < 34 vol.-% internal phase  
Mix surfactant mixture (Hypermer B246sf/2296)  
MIPE 
medium internal phase emulsion; 34 < Φ< 75 vol.-% internal 
phase ratio 
 
MR modulus of resilience [Pa∙%] 
MR,limit limiting modulus of resilience [Pa∙%] 
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Abbreviation Description SI-Unit 
MT modulus of toughness [Pa∙%] 
MT,limit limiting modulus of toughness [Pa∙%] 
n power law exponent  
NA Avogadro's number [NA = 6.022141 ∙ 1023 mol−1] 
o/o oil in oil  
o/w oil in water  
o/w/o multiple emulsion; oil in water in oil  
P porosity  
P(d) 
represents the density of the log normal distribution function 
of pore sizes determined via SEM counting 
 
PIBSA polyisobutylene succinic anhydride  
polyH/M/LIPE  polymerized HIPE/MIPE/LIPE, respectively  
ppm parts per million 10−6 
r particle/droplet radius [m] 
R molar gas constant [R = 8.3144621 J/(mol ∙ K)] 
SFT surface tension between liquid and gas interface [J/m2 = N/m] 
ST styrene  
surfactants surface active agents  
t thickness of struts/pore walls [m] 
T absolute temperature [K] 
Tg glass transition temperature [K] 
THF tetrahydrofuran  
Tm melting temperature [K] 
V Volume [m3] 
vol.-% volume percent  
w/o water in oil  
w/o/w multiple emulsion, water in oil in water  
wt.-% weight percent  
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Å Ångström  [m2 = 1∙10−20 Å2] 
pL Laplace (capillary) pressure of the droplet [Pa] 
ρ density difference of the two phases [kg/m3] 
Φ* critical volume ratio 
 
γ interfacial tension [J/m2 = N/m] 
γ0 interfacial tension of pure oil/water interface [J/m2 = N/m] 
ηc viscosity of continuous phase [Pa∙s] 
μ chemical potential [J/mol] 
πs surface pressure (γ0−γ) [N/m] 
πCMC total surface pressure (γ0−γCMC) [N/m] 
πosm.  osmotic pressure  [MPa] 
ρ relative density  [ρ* = ρf/ρm] 
σu,limit limiting critical ultimate crush strength [Pa] 
σu 
ultimate crush strength, where sample breaks. The maximum 
of the stress-strain plot  
[Pa] 
σu* ultimate crush strength of solid bulk polymer [Pa] 
σy 
elastic crush strength at yield, where sample starts to 
irreversibly deform and turns from elastic to plastic 
deformation mode 
[Pa] 
σy, limit  limiting critical elastic crush strength [Pa] 
Γ Gibbs surface excess concentration  [mol/m2] 
Γmax the maximal available space where molecules can adsorbed [mol/m2] 
ΔGelastic free energy of elasticity [J/mol] 
ΔGmixing free energy of mixing  [J/mol] 
ΔGs interfacial free energy [J/mol] 
θ contact angle [°] 
ρc  densities of the continuous phases [kg/m3] 
ρd densities of the dispersed phase [kg/m3] 
ρf foam (envelope) density [kg/m3] 
ρm polymer matrix density [kg/m3] 
φ openness parameter 
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1. INTRODUCTION AND MOTIVATION 
The interest in synthetic polymer materials and in particular polymer foams has greatly 
increased in the last decades. Polymer foams are innovative materials and used in both low-
end applications (e.g. packaging) and high-end products (e.g. aeroplanes). Foam structures 
are unique and ubiquitous in the world. They can be found for example in honeycombs, 
wood, plants, corals and cancellous bones (substantia spongiosa). Nature uses this kind of 
material as it is light and has desired mechanical strength accompanied with extraordinary 
stiffness. By introducing porosity into a material, unique properties arise, such as ultra-low 
density, high surface area per unit volume and improved impact properties. Therefore, 
synthetic solid foams can replace bulk engineering materials, such as metals, woods and 
ceramics in a wide range of applications (Chapter 2.9). 
 
Figure 1:  Schematic presentation of water-in-oil-surfactant stabilized emulsion templating. 
The most commonly used polymer foams are polyurethanes which are mainly prepared via 
various blowing processes [1]. However, the concern of general public about the use of 
natural resources, especially petroleum based materials, waste disposal and the use of 
blowing agents demands new solutions. One approach to produce porous polymer foams, 
nano-composites [2, 3] and foamed ceramics [4, 5] is emulsion templating which does not 
require blowing agents. Moreover, emulsion templating can be potentially used as a one-pot 
method to produce advanced (complex) composite polymer foams where the internal 
(dispersed) phase remains in the polymer.  
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Emulsion templating (Figure 1) is a versatile method to produce macroporous polymers with 
defined morphologies. The pore structure is defined by the structure of the emulsion 
template at the gel-point1 of the polymerization [6]. A considerable amount of literature has 
been published on emulsion templating (Chapter 2.5). However, as discovered during the 
preparation of the literature review, less attention has been paid to the qualitative and 
quantitative description of the influence of various processing parameters on the structure 
of emulsion templates and therefore the resulting polymer foam properties. Polymer 
scientists using emulsion templating usually do not appreciate that it is the emulsion 
(template) in the first instance which needs to be well understood in order to develop new 
high performance macroporous polymers for various kinds of applications. The research 
fields ‘Polymer Chemistry’ and ‘Colloid Science’ seem rather disconnected which results in a 
lack of fundamental understanding with regards to the synthesis of polymer foams from 
emulsion templates and the prediction of the resulting polymer foam properties. For 
instance, the correlation of rheological emulsion characteristics with structural properties 
(morphology and stability) of the emulsion templates and the properties of the resulting 
polymer foams are rarely considered [7]. Researchers developing new foam formulations 
and polymers should use basic principles and techniques of emulsion and material science in 
order to improve the quality of the polymer foams and to increase the efficiency and reduce 
the screening complexity for developing new emulsion templates for desired applications. 
Although, the topic of poly(merized)HIPEs is known since the early 1960’s [8], the absence 
of systematic experimental data, for example for the prediction of suitable monomer-
surfactant combinations which result in stable emulsion templates that survive the 
polymerization of the templates into polymeric foams, is one of the main shortcomings in 
this field. At present, there is no fast and easy method to predict a suitable formulation of 
an emulsion template to synthesize macroporous polymer foams which are suitable for a 
particular application because of the numerous parameters which are involved (see for 
instance Chapter 5, Figure 68). Formulating new emulsion templates and thus new polymer 
foams is challenging because of the intrinsically unstable nature of the emulsions. Also the 
reproducible production of tailored polymer foams by emulsion templating is barely 
                                                 
1  The ‘gel-point’ expresses a defined point of the bulk polymerization reaction where a massive increase of 
the viscosity of the reaction mixture occurs. This is the point where an infinite polymer network appears 
(Trommsdorff-Norrish effect) which is accompanied by a strong acceleration of the rate of reaction. The 
rate of reaction is increased because termination reactions are slowed down by the increased viscosity. 
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understood as the impact of the emulsification procedure [9, 10] and polymerization [11] 
was rarely investigated. Moreover, it is still rather difficult to predict the physical properties, 
in particular the mechanical properties [12] of the resulting polymer foams which are of 
fundamental interest when developing tailor-made porous polymers for a particular 
application. Therefore, in order to produce advanced porous materials, a fundamental 
knowledge of how to tailor polymer foam morphologies and polymer foam properties is 
essential. 
Aiming to develop a better understanding of how to prepare, tailor and predict emulsion 
templates for the synthesis of high performance macroporous polymer foams via emulsion 
templating, the first part of the thesis deals with the physico-chemical characterization and 
the influence of surfactants on the morphology and mechanical properties of the resulting 
polymer foams prepared from Medium and High Internal Phase Emulsions (polyM/HIPEs). 
Furthermore, the characterization of highly crosslinked polymer foams is challenging as 
most methods commonly used to characterize polymers require the polymer to be soluble, 
which is not the case for highly crosslinked polymers. Therefore, compression tests are one 
method that can be used to characterize brittle highly crosslinked polymer foam materials. 
Previous studies have shown that the energy absorbed during compression loading of a 
porous material strongly depends on the relative density of the material with respect to that 
of the bulk material [12]. Surprisingly, there are only a few experimental studies concerning 
the mechanical properties of polymer foams prepared via emulsion templating i.e. on 
polyHIPEs [9, 13]. Therefore, the second part of this thesis highlights the relationship 
between the density and the mechanical properties of emulsion templated polymer foams. 
Furthermore, the influence of the polymer morphology and pore sizes on the mechanical 
properties is discussed.  
To summarize, the motivation of this thesis is to gain a better fundamental understanding of 
emulsion templating and polymer foams and to clearly identify parameters which affect the 
properties of the emulsion templates and the resulting polymer foam morphology and 
properties. Due to the complexity of emulsion templates and the resulting polymer foams, 
only the following key aspects have been addressed in this thesis: 
 Chemical and physico-chemical characterization of commercially available technical 
surfactants used to stabilize water-in-oil- (w/o) emulsion templates.  
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 Influence of surfactant and surfactant mixtures on emulsion stability and emulsion 
morphology of w/(ST:DVB)- Mediums (MIPEs) and High Internal Phase Emulsions 
(HIPEs).  
 Study of the influence of the internal phase volume ratios and emulsion properties 
on the pore structure and mechanical properties of the resulting poly(merized)(ST-
DVB)M/HIPEs. 
Scope and Organization of the Thesis 
Due to the complexity of emulsion templating Chapter 2 covers the theoretical background 
of emulsions which is followed by an extensive literature review about POLYmerized High 
Internal Phase Emulsions (polyHIPEs [14]) and their formulations, plus a review of patents 
on polyHIPE applications. The materials, experimental procedures and the characterization 
methods are described in Chapter 3.  
Chapter 4 presents the experimental results and discussions. As the chemical nature and 
molecular weights of commercially available technical surfactants are unknown, Chapter 4.1 
deals with the characterization of selected surfactants via nuclear magnetic resonance 
spectroscopy (NMR), mass spectrometry (MS) as also their adsorption behaviour at 
aqueous/oil interfaces. Additionally, the influence and impact of different surfactants on the 
morphology of ST/DVB medium/high internal phase emulsions (M/HIPEs) and the 
morphology and mechanical properties of the resulting poly(merized)MIPE/HIPEs will be 
reported. The ‘standard’ w/ST-DVB system has been chosen because it is the most studied 
system and thus allows an easy comparison of the obtained results with those published by 
others. Mechanical (compression) tests are thought to be one of the most suitable methods 
to characterize highly crosslinked polymers. Therefore, Chapter 4.2 describes the 
characterization of the compression behaviour of the polymer foams as a function of their 
porosity. For this, known models developed by Gibson and Ashby [12] were applied, verified 
and finally modified. Chapter 5 presents the overall conclusions from this thesis and makes 
suggestions for future work. 
The Supplementary Information (Chapter 6) contains additional information about the 
analytical characterization of the surfactants used and the influence of some important 
processing parameters, which can affect the resulting mechanical properties of polymer 
foams obtained by emulsion templating. 
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2. THEORETICAL BACKGROUND 
Emulsions can be found in almost every part of our life, for instance in cosmetics, foods or in 
the oil industry where they are used during drilling, production, transport and processing of 
crude oil. Also emulsions are versatile templates for the production of polymer foams and 
foamed composites. An emulsion can be defined as a dispersion of a liquid within another 
immiscible liquid in any ratio. An emulsion can be produced either by shaking, 
ultrasonication, stirring, blending or membrane emulsification [15]. Spontaneous 
emulsification can also occur if the interfacial tension between the phases is ultra-low, in 
this case thermodynamically stable microemulsions form [16, 17]. 
2.1. Classification of Emulsions 
Emulsions are conveniently classified according to the type of emulsifier used to stabilize 
them, either as molecular SURFace-ACTive-AgeNT (surfactant) or colloidal particle stabilized 
(also called Pickering) emulsions, or according to the distribution of the two immiscible 
liquid phases within the emulsion. Hereby, the most commonly used systems consisting of 
an oil and aqueous phase and can be classified either as water-(dispersed)-in-oil (w/o) or oil-
-(dispersed)-in-water (o/w)2 emulsions. The dispersed phase is also referred to as the 
internal phase and the continuous phase as the external phase. Depending on which phase 
is the dispersed phase, emulsions with quite different properties are obtained [18]. The 
dispersed phase commonly forms spherical droplets, however, more complex structures, for 
example multiple emulsions (o/w/o or w/o/w), can also be produced (Figure 2). Moreover, 
emulsions can be classified according to the volume phase ratio into Low, Medium and High 
Internal Phase (Ratio) Emulsions (L/M/HIPE).  
There are some qualitative procedures that can be used to distinguish emulsion types, 
which are based on the observation of physical phenomena that depend on the prevailing 
polarity of the continuous phase. For example, contacting a drop of a emulsion with water 
or oil and observing whether the emulsion droplet is miscible or not is one of the simplest 
methods that can be used to distinguish between w/o- and o/w-emulsions. However, results 
                                                 
2  Typically, in HIPEs the aqueous phase is dispersed in an oil continuous phase (w/o-emulsion). HIPEs in 
which the oil phase is dispersed in a continuous aqueous phase (o/w-emulsions) are called inverse or 
reverse-HIPEs (i-HIPEs). This is contrary to the nomenclature used in classical colloid sciences where w/o-
emulsions and not o/w-emulsions are considered to be inverse emulsions. It becomes apparent that terms 
are not clearly defined and no generally agreed terminology is used throughout the literature [34]. 
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from this type of test are sometimes unclear (see details Chapter 4.1.3). Additionally, optical 
microscopy can be used to discern between simple and multiple emulsions because of the 
difference in the refractive indices of both phases (see details Chapter 4.1.3). Moreover, 
electrical conductivity measurements can be used to determine the emulsion type as the 
aqueous phase in an emulsion usually contains electrolytes which results in an appreciable 
conductivity of the aqueous continuous phase [19]. 
In addition to conventional droplet-shaped emulsions, which contain usually spherical 
droplets, more complex emulsion structures have been reported [20-22]. In a conventional 
emulsion both internal and external phases can be easily identified. However, in the so-
called ‘bicontinuous emulsions’ [23-26] it is impossible to identify which of the two liquid 
phases is the ‘internal’ or the ‘external’ phase (see Chapter 4.1.3). If such ‘bicontinuous 
emulsions’ are used as templates for the preparation of macroporous polymers the resulting 
polymer foams have no well-defined pore structures (non-droplet shaped) and this pore 
morphology is called ‘bicontinuous polymer foam morphology’ [27, 28]. Furthermore, the 
term ‘bicontinuous polymer foam morphology’ needs to be clearly separated from the term 
‘bicontinuous polymer foam’. In the case of ‘bicontinuous polymer foams’ [29-34] both 
phases of the emulsion template contained polymerizable monomers. Therefore, the 
resulting polymer foams should be called ‘biphasic’ rather than ‘bicontinuous’. This indicates 
the necessity of defining the used terms clearly [35]. 
Type and Morphology of Emulsions − LIPEs, MIPEs and HIPEs 
Emulsions can be further distinguished according to the internal phase volume ratio (Φ) of 
the dispersed phase. Low internal phase emulsions (LIPEs) are defined as emulsions where 
the internal phase fraction (Φ) is less than 34 vol.-% with respect to the total emulsion 
volume. Medium internal phase emulsions (MIPEs) contain between 34 vol.-% and 74 vol.-% 
internal phase [36]. Lissant [37] defined high internal phase emulsions (HIPEs) which occupy 
more than 70 vol.-% of the internal volume. However, more recently the accepted definition 
defines HIPEs as emulsions with an internal phase volume of ≥ 74 vol.-%, since 74.05 vol.-% 
is the maximum packing of mono-disperse rigid spheres [38]. Basically, the droplet size 
distribution and arrangement of the droplets determines the critical volume fraction (Φ*) in 
the range between 64 vol.-% and 74 vol.-% (random close packing of less mono-dispersed 
droplets and hexagonal/face centred close packing of rigid undistorted mono-disperse 
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spheres). When the phase volume fraction of mono-dispersed spherical droplets is 
increased above this critical volume fraction (Φ > Φ) very concentrated emulsions (HIPEs), 
consisting of mono-disperse droplets can only be realized by the deformation of the 
spherical droplets which results in a polyhedral distortion of the droplets. This polyhedral 
distortion must occur in mono-disperse emulsions and the internal droplet phase takes the 
shape of a tetrakaidecahedron packing which was shown to be more efficient for HIPEs [37, 
39-42]. The close packed configuration in HIPEs and the hydrodynamic interdroplet 
interaction between neighbouring droplets prohibits the free movement of droplets. Finally, 
the packing of distorted droplets results in larger contact areas between the droplets 
surrounded by the dispersion medium (continuous phase) which is more efficient for very 
high phase ratio emulsions [37, 43] and is thought to be the reason for the formation of 
pore throats in emulsion templated polymer foams during the polymerization of HIPEs 
(more details in Chapter 2.5). Another, often neglected, reason is the poly-dispersity of such 
emulsions. 
2.2. Phase Inversion of Emulsions 
The generalized composition-emulsion structure map, shown in Figure 2, has been used in 
the past to interpret emulsion morphology [44]. The two-dimensional map is obtained from 
triangular phase diagrams. The formulation scale, for example hydrophilic or lipophilic 
balance (HLB), corresponds to the dominant affinity of a surfactant but also may be 
expressed in various other ways [44]. At the so-called optimum formulation line (dotted 
line) the surfactant exhibits exactly the same affinity for the water and the oil phase and 
delimits the different morphology regions. At this line the curvature of the interface is zero 
accompanied with ultra-low interfacial tensions. Such formulation systems exhibit very 
distinctive properties, such as three-phase behaviour (a middle phase microemulsion in 
equilibrium with excess aqueous or oil phase) [45]. As indicated in Figure 2, a so-called 
‘normal’ region exists where the emulsion type that forms is expected from the solubility of 
the surfactant in either phase (Bancroft-Rule) [46]. Apart from this region the so-called 
‘abnormal’ regions were identified. In these regions the external phase is not the one 
expected from the formulation or predicted by the Bancroft-Rule. In detail, there is actually 
a disagreement between the composition and the formulation scale. As a consequence, 
multiple emulsions spontaneously form [45], which then fulfil the composition ratio as 
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predicted by the Bancroft rule. Additionally, there are regions where emulsion phase 
inversion occurs depending on the composition and formulation scale (transitional and 
catastrophic phase inversion). 
In detail, emulsion phase inversion is the consequence of either a variation in formulation, 
caused by temperature, surfactant hydrophilicity, salinity and so on which is termed 
transitional inversion (dashed vertical line) [44, 47], or the change of the phase volume ratio 
which is termed catastrophic inversion (dashed horizontal line). However, transitional 
inversion rarely occurs and if only in the case of extreme stable emulsions. The 
emulsification process that is the way in which the emulsion is made or how the emulsion 
formulation and composition is changed as a function of time or volume can also be 
considered to be among the factors that phase inversion depends on. 
 
Figure 2: Two-dimensional schematic formulation−composition map, showing the so-called 
optimum formulation inversion (Adapted from Ref. [44]). 
Generally, it is thought that, when the internal dispersed volume fraction exceeds the 
specific value of the critical close packing fraction (Φ*) of 64 vol.-% for random close packing 
[48] and 74 vol.-% for face-centred/hexagonal close packing [49] (‘packing argument’), the 
mono-dispersed and continuous phases of an emulsion should invert from o/w- to w/o-
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emulsion or vice versa at the catastrophic inversion line (dashed line). This is accompanied 
by an abrupt decrease in viscosity caused by the inversion from a high (74 vol.-%) to a low 
(26 vol.-%) internal phase volume emulsion. However, emulsion droplets are neither un-
deformable rigid spheres nor mono-dispersed. Thus, catastrophic phase inversion does not 
occur in all emulsion systems as for example w/o-emulsions exist over a wide range of 
internal phase volume ratios (from LIPEs to HIPEs [50]). Additionally, phase inversion, 
according to the mechanistic Ostwald model [38], does not take into account any surfactant 
nor poly-dispersity effects which are known to be of considerable importance in most 
practical cases. A number of investigations, especially in the area of HIPEs have clearly 
indicated the invalidity of this strict ‘packing argument’ (Ostwald model). For instance, 
Arirachakaran et al. [51] conducted an extensive study on oil-water flow in horizontal pipes 
for various viscosities. They described the morphology of emulsions that forms as a function 
of the water ratio. It was shown that phase inversion could be achieved by increasing the 
water ratio when the system does not contain any surfactant. Furthermore, it was found 
that the water fraction, which is required for the inversion to occur decreases with 
increasing oil viscosity. Additionally, the critical phase volume ratio, at which phase 
inversion occurs, increases with increasing surfactant concentration. This clearly shows that 
catastrophic phase inversion depends also on the surfactant used (type and concentration) 
and the viscosity of the oil phase [52]. For more detailed information the reader is referred 
to comprehensive literature reviews on this type of inversion [53-58]. 
2.3. Emulsion Stability 
Macro-emulsions are metastable systems that destabilize driven by interfacial tension. The 
driving force for the phase separation is the fact that the contact between the water and 
the oil molecules is energetically unfavourable [59] and hence increases the free energy of 
the system. Phase separation results in minimizing the interfacial area and therefore the 
free energy. It is possible to form emulsions that are kinetically stable (thermodynamically 
metastable) for a reasonable period of time (a few days, weeks, months or even years) by 
using emulsifier(s) and/or thickening agents [15]. 
However, the stability of an emulsion is determined by the presence of the emulsifier at the 
interface delaying the spontaneous tendency of the liquids to separate. This presence 
extends the lifetime of an emulsion. Therefore, the ‘stability’ of an emulsion refers to the 
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preservation of the dispersion within a given time frame exhibiting a defined droplet size 
distribution and mean droplet size. There are four different mechanisms of emulsion 
destabilization (Figure 3) [60], namely:  
 Sedimentation and Creaming;  
 Aggregation; Flocculation and Agglomeration;  
 Coalescence; 
 Ostwald Ripening (coarsening).  
 
Figure 3:  Mechanisms of emulsion destabilization which results finally in two distinct phases (oil 
and water).  
These processes influence each other during emulsion breakdown and several of these 
mechanisms can occur simultaneously which results in the final phase separation (breaking) 
of the emulsion. The various destabilizing mechanisms will be briefly explained as follows: 
Sedimentation and Creaming 
A density difference between the dispersed and continuous emulsion phase results in 
creaming or sedimentation of the emulsion. The dispersed droplets experience a vertical 
force down in the gravitational field. The term sedimentation is used if the droplets move in 
the direction in which gravity acts otherwise the process is referred to as creaming. The 
2. THEORETICAL BACKGROUND 
 
11 
former applies to most w/o-emulsions and solid dispersions, whereas the latter applies to 
most o/w-emulsions and air bubbles dispersed in liquids (liquid foams). In both cases, the 
emulsion can easily be reformed by shaking. The gravitational force is opposed by the 
fractional drag force. The resulting sedimentation (or creaming) rate (𝑣s) of a single droplet 
is described by using Stoke’s law:  
𝜈s =
2𝑔∙𝑟2(𝜌d−𝜌c)
9𝜂c
   , Equation 1 
where r is the droplet radius, ρd and ρc are the densities of the dispersed and the continuous 
phase, respectively, ηc the viscosity of the continuous phase and g the acceleration either 
due to gravity or to centrifugation. Equation 1 indicates that creaming/sedimentation can be 
inhibited by minimizing the density difference, reducing average droplet size and/or 
increasing the viscosity of the continuous phase. However, Stoke’s law has several 
limitations and is only strictly applicable for non-interacting droplets in dilute emulsions of 
mono-dispersed droplets as there is no internal flow within droplets [47, 61]. Otherwise the 
Young-Laplace pressure will change (Equation 2). If the volume fraction of the dispersed 
phase (Φ) is larger than Φ > 0.01, so-called hindered sedimentation takes place. Generally, 
increasing Φ reduces the sedimentation rate due to interaction among droplets, as 
described by Richardson and Zaki [62]. 
Aggregation of Droplets 
Aggregation describes the process whereby a group of droplets or particles, which are very 
close to each other and held together form ‘flocs’ due to mutual attractive interactions. This 
is also termed agglomeration, coagulation or flocculation. These terms are often used 
interchangeably [35]. In order to distinguish between both terms (Figure 4): 
 Agglomeration: Resulting in compact aggregates which cannot be easily separated. 
 Flocculation: Formation of a loose network of droplets or particles so called ‘flocs’ 
which may be easily re-dispersed.  
Flocculation refers to the mutual attachment of individual emulsion droplets (and particles) 
and is mainly caused by van der Waals attractions. Loose assemblies of droplets are formed 
in which the identity of each individual droplet is maintained. Agglomeration is more or less 
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the process where droplets and particles cannot be easily separated and in certain 
circumstances change their initial properties, but coalescence does still not occur although 
agglomeration is a pre-requisite for this process. Any aggregation results in an enhanced 
creaming/sedimentation rate because ‘flocculated’ droplets move faster (Stoke’s law, 
Equation 1) [47, 60]. The DLVO theory developed by Derjaguin, Landau, Verwey and 
Overbeek [59] is most frequently used in colloid science to explain colloidal stability. The 
DLVO theory describes the forces between charged flat surfaces interacting through a fluid3. 
It explains the tendency of colloids to agglomerate or remain discrete by combining the 
attractive van der Waals forces (UA) with repulsive electrostatic forces (UE) between two 
close colloids. The DLVO theory states that the stability of a colloidal system is dependent 
on its total potential energy function (U, Figure 4) [59], which is mainly the sum of UA 
and UE. 
 
Figure 4:  Schematic potential energy according to the DLVO-theory. The potential energy (U) 
results from the sum of van der Waals attraction (UA) and electrostatic repulsion (UE) 
during the interactions between two spherical droplets or particles depending on the 
droplet distance (x). U0 contains all other non-DLVO interactions, which need to be 
considered in case of adsorbing polymers on the surface (U0). Additionally, a short- 
range Born repulsion (UB) exist which arise from the fact that each atom, molecule, 
particle etc. occupies a certain amount of space.  
                                                 
3  The DLVO theory can be extended to droplets/particles considering large droplets and particles as then the 
curvature is thought to be flat. 
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The repulsive electrostatic force (UE), arising from the presence of electrical double-layers at 
the surfaces becomes significant when two colloids approach each other and their double 
layers begin to interact. The attractive van der Waal forces (UA) arising from dipole 
interactions and dispersion forces are always present.  
To summarize, with random thermal motion (Brownian motion, x → 0) the attraction will 
cause aggregation if it is not balanced by repulsive mechanisms. When two surfaces 
approach each other the energy barrier (maximum) resulting from the repulsive force (UE) 
prevents the two colloids on approach to adhere together. If the surfaces collide with 
sufficient energy to overcome that barrier (Umax), the attractive force (UA) dominates and 
colloids are expected to agglomerate irreversibly. The height of the energy barrier Umax 
indicates the stability of the system against agglomeration. If Umax ≤ 0, there is no energy 
barrier to prevent two surfaces from approaching each other. In this case, so-called ‘fast 
aggregation’ takes place. Therefore, particles and dispersed droplets must have sufficiently 
high repulsion forces to resist agglomeration, which will render the colloidal system 
kinetically stable. In certain situations, there is the possibility of a ‘secondary minimum’ 
where a much weaker and potentially reversible adhesion between colloids exists 
(flocculation). These weak flocs are sufficiently stable not to be broken up by Brownian 
motion but can be easily re-dispersed by an external force such as vigorous agitation. The 
DLVO theory is only strictly valid in a small number of practical cases, particularly, when 
emulsions are of the o/w-type and using ionic surfactants [47]. The extended DLVO theory 
[63] results in an additional contribution (U0) to the total potential energy (U) due to steric 
repulsion caused by adsorbed macromolecules (exerted by adsorbed polymer layers of 10 
nm to 20 nm thickness, e.g. emulsifiers). Adsorbed macromolecules at the interfaces 
provide a physical barrier against flocculation and agglomeration keeping colloids 
separated. Furthermore, attractive bridging and repulsive depletion interactions can occur 
when adsorbed and non-adsorbed macromolecules exist, respectively. Bridging flocculation 
occurs when high molecular weight macromolecules are adsorbed onto more than one 
colloid, capturing and binding them together. This causes faster agglomeration and 
sedimentation. Another interaction between colloids occurs in the presence of non-
adsorbing polymers, the so-called depletion interaction. Depletion interaction is caused by 
the exclusion of non-adsorbing polymers (or micelles) from the gap between two colloids 
and thereby decreasing the osmotic pressure and increasing the attractive forces. To 
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summarize, the DLVO theory predicts that a suspension/colloidal system is stable when 
repulsive forces dominate. The ionic strength and the pH-value are factors influencing the 
magnitude of the total potential energy function (U) as combination of attractive and 
repulsive forces. UA and UE (but more strongly UE) are affected by changing the composition 
of the continuous phase of the colloidal system or by the presence of non-adsorbed and 
adsorbed molecules at the interface between the colloids and the continuous phase. 
Coalescence of Dispersed Droplets 
Coalescence is defined as merging of droplets to form a larger droplet. Coalescence occurs 
when thin films separating two droplets break and the droplets fuse rapidly to form a larger 
single droplet. One may distinguish three stages of droplet coalescence: film drainage, film 
rupture and growth of the neck. Hereby, reducing the total interfacial area drives 
coalescence. The stability of an emulsion system therefore depends on the film stability 
between the droplets which can be determined by the rate of coalescence. Walstra [47, 61] 
stated that the mechanism of coalescence is in a state of confusion because it is often mixed 
up with other effects such as Ostwald Ripening (coarsening) and aggregation. Both result in 
larger droplets. In the latter case, the droplets are aggregated but do not coalesce if no 
drainage exists. Although aggregation is a pre-requisite for coalescence, coalescence only 
occurs if the droplets get close enough to reach the primary minimum (agglomeration, as 
shown in Figure 4). In order to suppress coalescence a droplet must be sufficiently stabilized 
by a suitable emulsifier at the interface in order to maintain a minimal distance and increase 
the elasticity of the interface. As commonly known, the minimal film thickness between two 
stable droplets is ≥ 10 nm. 
Coarsening − Ostwald Ripening of Emulsions 
In addition to coalescence, further physical instability mechanisms such as mass-transfer 
processes (Ostwald Ripening4 [64]) also take place in poly-disperse emulsions. In poly-
disperse emulsions, the chemical potential of molecules within a droplet is inversely 
proportional to the droplet size. This can be indirectly derived from the Young-Laplace 
                                                 
4  According to IUPAC, Ostwald Ripening is defined as dissolution of small crystals and sol particles and the 
redesposition of dissolved species on the surface of larger crystals or sol particles [63]. This definition also 
applies in the case of dispersed droplets. However, in the case of emulsions the term ‘coarsening’ instead 
of ‘Ostwald Ripening’ should be used. 
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pressure (Equation 2) across a curved interface. The Young-Laplace equation is one of the 
fundamental equations for dispersed droplets which describes the capillary pressure 
difference (ΔpL) across a curved interface between two liquids: 
Δ𝑝L = 𝑖 ∙ 𝛾 (
1
𝑟1
+
1
𝑟2
) =  
𝑖∙2𝛾
𝑟
   , Equation 2 
where r1 and r2 are the principal radii of the curvature and γ the interfacial tension. The 
factor i is i = 1 for any curved area but i = 2 for liquid-air foams as spherical bubbles possess 
two interfaces. It is obvious that the capillary pressure is larger for smaller droplets5. As the 
size of the droplet decreases, the chemical potential (μ) and thus the solubility of the 
smaller droplet molecules (dispersed phase) within the continuous phase is increased [49]. 
The driving force for coarsening/Ostwald Ripening is changing the chemical potential of the 
dispersed phase components to that of the bulk phase (continuous phase). With increasing 
radius of curvature of the dispersed phase, the chemical potential of the larger droplets 
reaches the chemical potential of the continuous phase and therefore the free energy of the 
system is minimized. In real emulsion systems there is a size distribution of droplets and 
smaller droplets will disappear whereas larger droplets will grow. The rate of Ostwald 
ripening (coarsening, υ) can be calculated according to the Lifshitz-Slyozov-Wagner (LSW) 
[65] equation for dilute emulsions: 
𝑣 =
d〈𝑟〉3
d𝑡
=
8𝛾𝑎l𝐷
9𝑅𝑇
   , Equation 3 
where r is the radius of droplet, t the time, γ the interfacial tension, al the solubility of the 
dispersed phase in the continuous phase, R the gas constant, T the absolute temperature 
and D the translational diffusion coefficient of the dispersed phase molecules through the 
continuous phase. Equation 3 indicates that the change in droplet size with time becomes 
more rapid as the equilibrium solubility of the molecules in the continuous phase increases. 
However, the addition of electrolytes or also long-chain alkanes or alcohols (so-called co-
stabilizers) within the dispersed droplets decreases Ostwald-Ripening as in this case water 
cannot diffuse readily through the continuous phase [66, 67].  
                                                 
5  For large droplets the effect is negligible, e.g. r = 1.0 mm, resulting in a pressure difference 
ΔpL (H2O vs. air) = 0.14 kPa, but the pressure difference becomes larger when the droplet sizes become 
smaller, e.g. r = 0.1 mm resulting in a pressure difference ΔpL (H2O vs. air) = 1.45 kPa. 
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2.4. Emulsifiers – Surface-Active-Agents 
The stability of emulsions is affected by creaming or sedimentation, agglomeration, 
coalescence and Ostwald ripening (coarsening), which might finally result in complete phase 
separation. There are different strategies to enhance the stability of emulsions, for instance 
by using emulsifiers such as particulate emulsifiers (discussed in Chapter 2.6.4) and/or 
molecular SURFace-ACTive-AgeNTs (Figure 5). 
 
Figure 5:  Various mechanisms of emulsion stabilization imparted by different emulsifiers. For 
example; a) adsorbed Ca2+-ions in alginates (gelation), b) short molecules emulsifier 
such as soaps, c) solid particles, so called Pickering or Ramsden stabilization and d) high 
molecular weight polymeric stabilizers. 
Surfactants are molecules with an amphiphilic character, meaning that they possess 
moieties within the same molecule that have a hydrophobic and hydrophilic character. The 
amphiphilic character of a surfactant is responsible for its surface activity and spontaneous 
aggregation in solution, respectively [15, 68]. In general, surfactants are classified into ionic 
or non-ionic surfactants. In order to enhance emulsion stability, steric (non-ionic 
surfactants) or electrostatic stabilization (ionic surfactants) are used. Surfactants form a 
steric barrier around the droplets providing enhanced stability to an emulsion system 
against agglomeration and coalescence (Figure 88). Polymeric high molecular weight 
amphiphilic molecules have some advantages compared to short chain surfactant 
molecules; for example that their adsorption on the droplet surface is much firmer and that 
they stay longer at the interface compared to smaller molecules (Brownian motion). 
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Adsorption of Surfactant at the o/w- or w/o-Interface 
Surfactants support the emulsification by lowering the interfacial tension (γ) via adsorption 
at the newly created interfaces. The process of a surfactant molecule migrating from the 
bulk phase of a solution and attaching at an interface in some specific orientation is called 
adsorption, which is characteristic for amphiphilic molecules. Insights into the 
surface/interfacial activity of surfactant(s) can be gained from surface/interfacial tension 
measurements. In general, the surface tension (SFT) of a liquid phase is measured versus air, 
whereas the interfacial tension (IFT) is measured versus another liquid phase.  
In general, the following phenomena are observed when measuring the surface/interfacial 
tension as a function of surfactant concentration. Firstly, for very low surfactant 
concentrations the surface/interfacial tension is very close to that of the pure solvent. 
Secondly, the surfactant molecules diffuse from the bulk solution to the interface where 
they adsorb at the interface causing the surface/interfacial tension (γ) to decrease (Figure 6) 
[15, 69]. Thirdly, the corresponding concentration at the point where SFT/IFT levels off is 
called the Critical Micelle Concentration (CMC) which is an important characteristic value as 
the surface/interface is now saturated by the surfactant molecules. Additionally, other 
physico-chemical properties of a surfactant solutions change abruptly when the CMC is 
exceeded, for example electrical conductivity, turbidity or osmotic pressure (Figure 6) [15, 
70]. Finally, once the surfactant molecules saturated the interface, further increase of the 
surfactant concentration beyond the CMC does not result in a further reduction of the 
SFT/IFT. Excess surfactant molecules will associate in the solution and form micelles (also 
called association colloids) so that the surface/interfacial tension remains fairly constant 
[15]. The driving force for the surfactant adsorption at the interface is the minimization of 
the standard free energy of adsorption (∆Gads
0 ). Consequently, it is expected that the 
emulsion would be most stable for a surfactant concentration at or higher than the CMC 
with respect to the area of the interface. Furthermore, it is expected that low interfacial 
tension (γ) results in more stable emulsions but the opposite is generally observed [69, 71]. 
When the curvature of an interface is equal to the optimum curvature of a surfactant 
monolayer, i.e. optimum surfactant packing is possible, the interfacial tension is ultra-low 
and mutual solubilization of both phases occurs. This results in the formation of 
microemulsions (Figure 2) and the interaction between oil and water molecules are 
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effectively eliminated. On the other hand, when the curvature of an interface is not optimal, 
the interfacial tension does not approach zero because some of the oil molecules (oil phase) 
are exposed to the polar regions of the surfactant or some water molecules (aqueous 
phase) come into contact with the hydrophobic part of the surfactant [15]. 
 
Figure 6:  Some physico-chemical properties, such as electrical conductivity, surface/interfacial 
tension and turbidity as a function of surfactant concentration. Additionally, the 
adsorption behaviour of the surfactant molecules at the interface as a function of their 
concentration is shown at the bottom of the figure. Surfactant concentrations higher 
than the critical micelle concentration (CMC) result in the formation of surfactant 
micelles.  
Since the surfactant molecules have a lower free energy when adsorbed at the interface 
than being dissolved in the solvent phase, the surfactant molecules tend towards the 
adsorbed state. In fact, the interface is covered very rapidly by a monolayer of surfactant 
molecules in which the molecules are arranged in a specific matter. This depends upon 
structural and geometrical properties of surfactant molecules as well as the prevailing 
experimental system [49].  
Generally, surfactant molecules are in a dynamic equilibrium at the polar/non-polar 
interface between the aqueous and oil phase. Depending on the surfactant type and 
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concentration, it may take seconds to days to reach the equilibrium state (equilibrium 
surface/interfacial tension). The dynamic surface/interfacial tension is the 
surface/interfacial tension before equilibrium conditions are reached and depends on the 
age of the interface, the surfactant concentration, the diffusion coefficient of the surfactant 
and on adsorption barriers at the interface [72]. For a thorough analysis the reader is 
referred to articles by Zhmud et al. [72] and Eastoe et al. [73, 74].  
The surface activity of a surfactant can be described by various adsorption isotherms, which 
represents the relationship between bulk concentration of surfactants and the surface 
excess concentration (Γ)6 at the interface (the adsorbed surfactant concentration). One of 
the equation is described by the Gibbs adsorption isotherm (Equation 4) [68] 
 𝛤 =  −
𝑐𝑖
𝑗𝑅𝑇
(
𝑑𝛾
𝑑𝑐i
)
𝑇,𝑝
=  −
1
𝑗𝑅𝑇
(
𝑑𝛾
𝑑ln𝑐i
)
𝑇,𝑝
    , Equation 4 
where j is a factor which depends on the surfactant type; for non-ionic j = 1 and ionic j = 2, R 
is the molar gas constant, T the absolute temperature, ci the bulk concentration of the 
surfactant and γ the interfacial tension. Determining Γmax [mol/m2], which is assumed to be 
the slope of the interfacial tension (γ) versus the surfactant concentration (ln c) directly 
before the CMC is reached; the minimum area per (surfactant) molecule (Amol) at the 
interface can be calculated as follows 
𝐴mol =
1
𝛤max∙𝑁A
     , Equation 5 
where NA is the Avogadro's number and Γmax the maximum concentration of surfactant 
which can be adsorbed at the interface [15]. Typically a surfactant molecule requires 
between 30 Å2 and 50 Å2 at the interface.  
Various other isotherms have also been developed, such as the Henry and Freundlich [70], 
Langmuir [75], Volmer [76] and Frumkin [77, 78] adsorption isotherms. The modified and 
extended isotherms by Frumkin [78] provide generalization of the isotherms by Langmuir 
and Volmer taking interactions between the adsorbed surfactant molecules into account by 
introducing a so-called interaction parameter [79]. The comparison between theory and 
experiment shows that the interaction parameter is important for an air–water interface 
                                                 
6  See IUPAC Compendium of Chemical Terminology – Gold Book. 
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whereas it can be neglected for oil–water interfaces where the interaction parameter is 
zero. When the interaction parameter is negligible, the Frumkin isotherm results in the 
Langmuir and Volmer isotherms, respectively [80]. The situation is much more complicated 
for ionic surfactants where a gradient of the surfactant concentration near the interface, 
due to formation of an electric double layer, must also be taken into account. 
2.5. Literature Review of Polymer Foams Prepared via Emulsion Templating 
The polymerization of traditionally prepared styrene-divinylbenzene (ST-DVB) HIPE 
formulation results in extremely brittle polyHIPEs with low shear resistance [81] and 
therefore they have limited industrial relevance. PolyHIPEs are commercially used as 
chromatography materials namely; Polyhipe Microporous (Solohill Engineering Inc., Ann 
Arbor, U.S.A.), Magnapore (Polygenetics Inc), POLYHIPE™ resin (Aminotech, Canada) or as 
Cavilink [82] (Polygenetics International Inc., Los Gatos, U.S.A.) suitable to support cell 
growth and as controlled release material called VagiSite bioadhesive [83]. According to the 
literature, three different methods can be used in order to enhance the poor mechanical 
properties of polyHIPEs. Firstly, the introduction of filler and reinforcing ingredients such as 
particles into HIPE systems, secondly, increasing the foam density of the resulting polymer 
foams by using less concentrated emulsion templates, such as L/MIPEs and, thirdly, varying 
the emulsion template composition in order to develop new macroporous polymer foams 
with desired properties. Additional details regarding the enhancement of mechanical 
properties are given below. However, the development of new emulsion template 
formulations is challenging due to the thermodynamically unstable nature of emulsions. The 
main shortcoming in predicting suitable polymerizable emulsion templates resulting in 
polymer foams with desired properties is the absence of experimental data and the 
numerous parameters which determine the emulsion stability. At present, there is no quick 
method to predict easily a stable emulsion template formulation, which is suitable for a 
desired polymer foam application.  
In order to have a background on M/HIPE formulations and the resulting polyM/HIPEs, a 
patent search was carried out to obtain an up-to-date record of emulsion template 
formulations, polymer foam modifications and the applications of resulting polyHIPEs. In the 
following condensed patent review, at first a general overview about the preparation 
methods for polymer foams is given, followed by a more detailed discussion of specific 
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emulsion template formulations and improvements of the resulting polymer foam 
properties and finally, the application areas of polyHIPEs are briefly summarized. The patent 
literature, from 1976 to 2010, was collected and analysed using different databases, such as 
SciFinder, esp@cenet database, upsto.gov and wipo databases [84]. Only the terms ‘HIPE’, 
‘polyHIPE’ via ‘emulsion templating’ were used as keywords. Please note that the overall 
information of the patents were summarized not the claims. 
Preparation of Porous Polymers via Emulsion Templating 
In general, there are a number of ways to prepare porous polymer foam structures [85-87], 
for example by using supercritical fluids [88-96], physical and chemical blowing [97, 98] and 
hydrogel templating, e.g. dextran [99]. Also open-porous foams can be made by removing 
the faces of closed-porous foams e.g. by vacuum. Other methods deal with phase-
separation techniques [100] or self-assembled colloidal templates [101-103]. An alternative 
approach towards porous polymers is the use of so-called emulsion template synthesis [104, 
105] (Figure 1 and Figure 7).  
 
Figure 7:  Schematic representation of an emulsion and the polymerized products if one 
polymerizes only the dispersed phase, the continuous phase and both phases for the 
preparation of colloids/beads, porous materials and composites, respectively (Adapted 
from Ref. [118]). 
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An emulsion template contains an immiscible continuous, usually monomers, crosslinker(s) 
and surfactant as the organic phase and an aqueous dispersed phase. Both water-in-oil 
(w/o) and oil-in-water (o/w)-emulsion templates have been used for the preparation of 
monolithic polymer foams by polymerizing the continuous phase. Directly after the 
polymerization, the resulting polymer foams are filled with the dispersed phase which is an 
advantage for the preparation of more complex materials via this one-pot method. 
Depending on which phase is polymerized, different types of products can be generated 
(Figure 7). The polymerization of the dispersed phase results in polymer beads, latexes and 
membranes [33, 106]. Also beads can be prepared by sedimentation-polymerization, 
suspensions-polymerization in a second medium [107-112] or by sol-gel methods [113] and 
in microfluid devices [114, 115]. The polymerization of both phases, the dispersed droplet 
phase and the continuous phase, results in the production of so-called ‘biphasic polymer 
foams’ [29-31] which in some cases are also composites [116]. The subsequent removal of 
the internal phase results in the formation of emulsion-templated porous materials [117]. 
The patent literature in the area of polyHIPEs deals with manufacturing procedures, 
engineering developments, emulsion template formulations and their applications. In 
patents dealing with engineering developments, useful references for focussing on different 
strategies for the preparation of polymerized emulsion templates can be found here; batch-
process [119, 120], semi-batch process [121], continuous process [122-124] and large-scale 
production of polyHIPEs [122, 123]. Furthermore, some patents describe procedures to 
reduce the curing time [125, 126] through a multiple-stage process [127, 128]. 
Morphology of and Pore Throat Development in Polymer Foams Obtained 
from High, Medium and Low Internal Phase Emulsions  
PolyHIPEs are known for their unique structure which contains both pores and pore throats 
as depicted in Figure 8a. Pores are cavities ranging from nanometre to micrometre 
dimensions which can be interconnected by a series of smaller pores referred to as pore 
throats [129]. Pore throats form possibly at the contact points of neighbouring droplets in 
the emulsion template during polymerization [82] and are responsible for the permeability 
of polyHIPEs (Figure 8b). It has been proven that polyHIPEs replicate the structure of the 
HIPEs at the gel-point of the polymerization and this results in an interconnected pore 
structure unless a surfactant is used to fully stabilize the dispersed droplet arrangement of 
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the emulsion template [130, 131]. For example, the polymerization of Pickering HIPEs can 
result in closed pore structures (Figure 8c). A stable non-droplet shaped emulsion template 
results in a more unconnected, non-droplet shaped structure (Figure 8d) which has been 
also published as ‘polyHIPE’ (e.g. Ref. [27, 28, 132, 133].  
 
Figure 8:  Morphologies of polyHIPEs: a) definition of pores and pore throats of polyHIPEs, b) the 
pore throats are partially covered with a thin solid film, c) closed porous structure and 
d) non-droplet shaped (bicontinuous) foam morphology. 
Until recently it was thought that open porous polyHIPEs can only be produced by the 
polymerization of HIPE templates with an internal phase level exceeding 74 vol.-% where 
the pore throats will develop in the contact areas between neighbouring droplets. According 
to Ostwald’s phase volume theory [38], a smaller internal phase volume ratio in the 
emulsion templates results in a decreased overall contact area of neighbouring droplets 
and, therefore, more closed porous morphologies of the resulting polymer foams are 
expected. However, Menner et al. [134-136] indicated that open porous polyHIPE like 
structures can be obtained from emulsion templates with an internal phase volume below 
74 vol.-%. Manley et al. [50] reported that even the polymerized products of less 
concentrated low or medium internal phase emulsions (LIPEs or MIPEs) exhibit low densities 
and interconnected permeable structures which are considered as the most important 
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characteristics of polyHIPEs (Figure 9) and therefore the ‘packing argument’ (Chapter 2.2) 
cannot strictly apply. 
 
Figure 9:  SEM image of a polyMIPE (left, contained an internal phase of 50 vol.-%) and a polyLIPE 
(right, contained an internal phase of 25 vol.-% ) (Reprinted from Ref. [50]). 
Until now, the process of pore throat formation in polyHIPEs has remained debatable. 
Cameron et al. [6] suggested that they form due to intrinsic volume shrinkage during 
conversion of monomers to polymers, whilst Menner and Bismarck [129] believe that they 
form due to the phase separation of surfactant from the polymerizing organic phase into 
the contact areas between droplets during polymerization forming surfactant-rich, polymer-
poor regions. Then, these regions ‘break open’ when the surfactant is removed during 
purification and the mechanical action during drying, which is applied on the obtained 
polyHIPEs (Figure 8b), as for instance, pores are sometimes covered with thin polymer films 
(Figure 8a,b). Additionally, polymerized Pickering emulsion templates containing >75vol.-% 
internal phase result usually in closed porous morphologies having sometimes small pore 
throats which supposedly developed during the drying process [129, 137]. In conclusion, at 
the moment it is not fully understood how pore throats develop in the polymerized 
products of emulsion templates. The mechanism of pore throat formation may combine two 
dissimilar mechanisms and depends on the composition of emulsion templates and 
therefore is a complex process with many influential factors. However, especially the 
surfactant(s) play an important role regarding the pore throat development. As a 
consequence of the formation of pores and pore throats well-defined polyHIPEs can be 
obtained by tailoring the composition of HIPEs. Emulsifiers in the monomer phase are a 
necessary and a vital parameter to the formation of stable emulsions and their resulting 
polymer foam structures. Williams et al. [138] already recognized the effect of the 
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surfactant concentration on the morphology of the resulting polyHIPEs. High surfactant 
concentrations (large in excess of the CMC, e.g. > 40 vol.-%) result in an unconnected, non-
droplet shaped polymer foam morphology (e.g. compare Figure 8d). If the concentration of 
surfactant is low (around the CMC, e.g. < 4 vol.-%), closed-porous polymer foams are 
formed (e.g.compare Figure 8c). Surfactant separation during polymerization is very likely as 
the surfactant solubility within the organic monomer changes when the monomer is 
converted to the polymer and the solubility is more important than intrinsic volume 
shrinkage during the conversion of monomer to polymer (See Supplementary Information 
6.6.1.) Fundamentals in the area of HIPEs and polyHIPEs until 2005 are very well described 
and summarized in review articles by Zhang and Cooper [118] and Cameron and Sherrington 
[117]. In summary, in Cameron and Sherrington’s review [117] an extensive overview 
regarding fundamentals of HIPEs, HIPEs formation, properties of HIPEs, non-aqueous HIPEs 
and their applications are described. Furthermore, a detailed overview about poly(ST-
DVB)HIPEs, their applications and possibilities to modify poly(ST-DVB)HIPEs with different 
functional groups was provided. The review of Zhang and Cooper [118] gives an up-to-date 
record, focussing also on optimized emulsion formulations for a variety of applications. In 
addition, a review about applications of polyHIPEs was recently published by Kimmins and 
Cameron [139]. Characteristics of polyHIPEs are their low foam densities, typically below 
0.15 g/cm3 or even ultra-low densities, which can be as low as 0.0126 g/cm3 and porosities 
of up to 99 % [11]. The foam morphologies, pore size, interconnectivity, pore throat sizes, 
size distributions, specific surface areas and the physical properties can be tailored by 
adjusting the HIPE composition such as surfactant and pore foaming agents (so-called 
porogenes) and/or by modifying various synthesis parameters such as emulsification speed 
and time. In fact, the droplet size can be controlled between 1 µm and 100 μm by tailoring 
the HIPE stability and adjusting the temperature during emulsification, the mixing speed and 
the mixing time [140]. As a first approximation, the droplet size determines the pore 
diameter of the polymer foams prepared by surfactant stabilized HIPE templates [140]. 
Furthermore, the polyHIPE porosity, permeability and surface area can be increased by 
adding porogenes to the organic continuous phase [131, 141-144]. The polyHIPE 
morphology can also be tailored by selective solvent casting [145] of polymer particles 
which were entrapped in the polymer walls and are leached out afterwards. The surface 
area of polyHIPEs can range from 5 m2/g [131] to 1210 m2/g [146]. 
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2.6. Components of Emulsion Templates 
Traditional polyHIPEs are prepared by polymerization of w/o-HIPEs in which the organic 
continuous phase consists of monomers and crosslinkers (most commonly of ST and DVB). 
In order to enhance the stability of an emulsion template, large amounts of non-ionic 
surfactant (5 – 50 vol.-% with respective to the organic phase [147]), e.g. sorbitan (Z)-mono-
9-octadecenoate (Span 80®) or Hypermers®7 [50, 134, 135, 148, 149] are commonly used. 
The range of possible monomers for preparing polymer foams via emulsion templating is 
large but dictated by the template stability. Various homo-polymer, copolymer, 
interpenetrating polymer network (IPN), crystallizable side chain polymer, organic-inorganic 
hybrid and composite [150] polyHIPE systems have been synthesized. They will be discussed 
in more detail in the sections below.  
2.6.1. Monomers for Water-in-Oil (w/o) Emulsions 
Emulsion template formulations used for the preparation of polyHIPEs and their possible 
applications are summarized in Table 1. For instance, for chromatography applications 
simple polystyrene foams have limitations as the number of solvents that can be used due 
to the large swelling ratio and subsequent damage (cracking) is limited. Therefore, more 
crosslinked poly(PS)HIPEs (i.e. using divinylbenzene) were synthesize in order to increase the 
mechanical stability. However, as the mechanical stability is increased due to a higher 
degree of crosslinking the ability to swell is decreased. Nevertheless, the swelling ability of 
polymer foams is necessary for chromatography applications [151]. Thus, it is essential to 
produce chromatography materials with an optimum between mechanical stability and 
swelling ability. Depending on the application different properties are required in order to 
take advantage of the unique lightweight structure of the polyHIPEs. For example, many 
hydrophobic monomers can be used to create polyHIPEs from w/o-emulsions. However, the 
use of monomers of intermediate hydrophobicity, such as methyl methacrylate (MMA) 
proved difficult [152]. The hydrophilicity of the poly(ST-DVB)HIPEs can be enhanced through 
the hydrolysis of formerly incorporated t-butyl acrylate groups to carboxylic acid groups. 
Such polymer foam absorbed nearly 700 wt.-% of its own weight of water in 48 hours [178].  
 
                                                 
7  The Hypermer series are non-ionic oligomeric and polymeric dispersants/surfactants of various polymeric 
esters (ABA – block polymer) and molecular weights, for instance see Table 7. 
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Table 1:  Examples of polymerized w/o-surfactant stabilized emulsion template formulations using 
benzylic compounds and their functionality and/or applications. 
Organic phase system* Properties and/or applications References 
ST-DVB Standard system [153] 
ST-DVB-EHA 
Rubber, elastomeric properties by 
varying the Tg 
[153, 154] 
ST-EHMA Elastomeric [155] 
ST-BA-allyl methacrylate Flexible [14] 
ST-DVB-MPS (surf. Span 80 or Hypermer 
1070) 
Increasing of mechanical properties [134, 135, 156-158] 
ST-DVB- EHA-VB Post-modification, more hydrophilic [110, 128, 159, 160] 
ST-DVB-EHA-Vinylpyridine Hydrophilic [161, 162] 
ST-DVB-acrylonitrile n.a. [163, 164] 
ST-DVB-TCPA Post- functionalization [165, 166] 
ST-DVB- 4-vinylbenzylphthalimide/aq.KPS Post- functionalization [167, 168] 
ST-DVB-monooctyl itaconate-di-2-ethyl 
hexyl peroxydicarbonate (ini.)- of nonyl 
phenol/1.5 EO-’Antarox C 0210’ 
n.a. [14] 
ST-DVB- PGA 
Biphasic system , Lipase 
immobilization 
[169, 170] 
ST-DVB-Methacrylic acid  Carboxy functionalization [171] 
ST-alkylmaleimide High temperature properties [172-175] 
ST-PCL Bioengineering materials [176] 
PCL-macromonomer or PLA-diacrylate 
copolymerized using ST or MMA 
Bioengineering, biodegradable 
materials 
[176, 177] 
DVB-tBA Enhancement of hydrophilicity [178] 
PCL-VL 
Degradable, partially destabilized 
therefore collapse structure 
[179-181] 
ST-PEGDMA- (surf. Hypermer B246sf) 
Tough, increased mechanical 
properties 
[135, 182] 
ST-DVB- NPA (surf. Span85/80; HLB∼3.5) Functionalization 
[111, 112, 165, 166, 
183] 
DVB-GMA- (surf. polyglycerol of a fatty 
acid; PGE 080/D) 
Epoxy functionality [184] 
DVB-TCPA-EGDMA (surf. Span85/80; 
HLB∼3.5) 
Functionalization [111] 
DVB-isodecylacrylate (IDA) Capillary electrochromatography [185] 
DVB-lauryl acrylate, lauryl methacrylate, 
stearyl methacrylate 
Crystallinity in order to get shape 
morphing polymer foams 
[186-188] 
*  Unless otherwise stated all emulsion templates were stabilized with the surfactant Span 80 and the aqueous internal 
phase contained mainly NaCl or CaCl2. 
Abbreviations: 
BA - butylacrylate; DVB -divinylbenzene; EHA - ethyl hexylacrylate; EHMA - ethylhexyl methacrylate; EGDMA - ethylene 
glycol dimethacrylate; GMA - glycidyl methacrylate; ini. – initiator; MMA - methyl methacrylate; MPS - 
methacryloxypropyltrimethoxysilane; NPA - 4-Nitrophenyl acrylate; PCL - polycaprolactone; PEGDMA - polyethyleneglycol 
dimethacrylate; PGA - polyglutarylaldehyde; PLA - polylactic acid; Span 80 – surfactant (surf.) Span 80; ST -styrene; tBA - 
tert. Butylacrylate; TCPA - 2,4,6-trichlorophenyl acrylate; VB - vinylbenzylchloride.   
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Another approach to more hydrophilic polymer foams is o/w-emulsion templating where 
hydrophilic monomers are used (Table 3, Chapter 2.6.3). The chalkiness and brittleness of 
polyHIPEs based on ST and DVB can be reduced by using 2-ethylhexyl acrylate (EHA) [189] or 
2-ethylhexyl methacrylate (EHMA) [154, 155] as co-monomers in the emulsion template. 
The glass transition temperature (Tg) of the resulting polymer foams decreases with 
increasing EHA content in the continuous phase [156]. Poly(ST-DVB-EHA)HIPEs selectively 
absorbed oleic acid approximately 30 times its own weight in 10 minutes of an aqueous 
oleic acid solution [14, 153]. Additionally, Dyer [190] described that poly(ST-DVB-EHA) HIPE 
formulations also have a Limiting Oxygen Index (LOI) of 15 % (ASTM D-2863) which is 
important in order to produce flame retardant polymer foams. 4-vinylbenzyl chloride (VBC) 
[110, 123, 159, 160, 162, 191-195], glycidyl methacrylate (GMA) [196, 197] or aryl acrylates 
[111, 135, 165, 166] are often used in order to allow post-functionalization (e.g. flame 
retardant) of the monolith. The polymerizable phase may contain optional ring substituted 
heterocyclic or polyheterocycle moieties [120] or 2-bromo-2-methyl-propanoate in order to 
post-modify the surface with methyl methacrylate. N-substituted maleimides [172] are used 
to improve the thermal and mechanical performance. Copolymerization of styrene with N-
substituted maleimides has been widely used in the past to produce heat resistant 
thermoplastic materials. The influence of three N-substituted maleimides on poly(styrene-
co-alkylmaleimide) [173] in terms of processing, thermal and mechanical performance was 
investigated [172]. All maleimide modifiers increased the Tg depending on the composition 
and ranged from 140 °C to 220 °C. Cyclohexylmaleimide produced polymer foams with a 
higher Tg than propylmaleimide polymer foams which have higher Tg than butylmaleimide 
polymer foams. The resulting polymeric foams possess an open porous morphology with 
pore sizes of approximately 10 μm in diameter. Finally, the maleimide modified polymer 
foams had compression strengths of (700 - 850) kPa at densities under 0.080 g/cm3 and 
specific compression strengths (determined via Dynamic Mechanical Analysis; DMA) of 
(4.4 - 10.6) kPa cm3/mg depending on the composition8. The determined compression 
strengths via compression test of these high temperature polymer foams are (0.7 - 0.9) MPa 
at densities below 0.080 g/cm3 [174]. In order to increase the mechanical properties of open 
porous polymer foams further, silane, siloxane (2-(acryl-oxyethoxy)-trimethylsilane), 1,3,5-
                                                 
8  Remark: DMA measurements do usually not provide strengths but moduli. 
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trivinyl-1,1’,3,5,5’-pentamethyl-trisiloxane or germanium based monomers [190] can be 
used to produce porous polymeric foams where the polymer foams also ‘exhibit relatively 
high yield stress values’ (approximately 3.5 MPa [190]) and make them particularly suitable 
for absorption of fluids. 
Tai et al. [157] prepared ST-DVB-methacryloxypropyltrimethoxysilane (MPS) emulsion 
templates which significantly increased the high temperature modulus and thermal stability 
of the resulting polymer foam unless the hydrolytic condensation of the trimethoxysilyl 
groups form an inorganic polysilsesquioxane network. The incorporation of MPS into the 
polymer and the formation of a polysilsesquioxane network yields in an increase of the Tg 
associated with poly(styrene) (PS) of up to 20 K and an increase of up to two orders of 
magnitude of the modulus at temperatures above the Tg. The Tg is dependent on the 
composition and varied between 115 °C and 160 °C. The thermal degradation temperature 
in N2 changed with MPS content and is on average about 420 °C. The increase of the thermal 
stability in air with increasing MPS content of the polymer foams with DVB reflects the 
increasingly predominant oxidation of the silsesquioxane network to SiO2. In comparison, 
the degradation ceiling temperatures for poly(methyl methacrylate) (PMMA) and PS are 
220 °C and 300 °C, respectively. Interestingly, these polymer foams possess moduli at 250 °C 
which depend on the MPS content. However, the moduli at 30 °C are independent of the 
MPS content in the presence of a stiff organic network and depend on the MPS content in 
the absence of a stiff organic network. The published results show that a poly(ST-DVB)HIPE 
has a bulk polymer elastic modulus of 0.71 GPa, poly(ST-DVB-EHA) of 1.22 GPa and the 
composition poly(ST-DVB-MPS) approximately 1.09 GPa (DMA) [158]. 
To enhance the mechanical performance of poly(ST-DVB)HIPEs and reduce the brittleness at 
room temperature, Haibach et al. [134] successfully developed low density but tough 
macroporous polymers emulsion templating (polyMIPEs and polyHIPEs) by using ST-DVB-
MPS emulsion templates stabilized by Hypermer 1070 (surf.). Furthermore, the addition of 
SiO2 particles into the organic phase resulted in a mechanical reinforcement of the resulting 
polymer foams. These polymer foams possessed increased elastic moduli (obtained by 
compression testing) ranging from 3 MPa up to 95 MPa [134] depending on the composition 
and porosity. Comparing the mechanical properties of commonly prepared poly(ST-
DVB)HIPEs under compression, the elastic modulus ranges from 5 MPa [198] to 72 MPa [50] 
depending on the composition. However, the increase of the silica content causes almost a 
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complete collapse of the porous structure due to the destabilization of the emulsion 
triggered by the rapid production of methanol induced by the in-situ grafting of the 
inorganic MPS network onto the silica particles. Nevertheless, this drawback was addressed 
by Wu et al. [182] by separating the SiO2 modification and incorporation  into two steps. 
Menner et al. [135] developed a polyethylene glycol dimethacrylate (PEGDMA) MIPE 
emulsion template stabilized by Hypermer B246sf (surf.) and reinforced the system with 
SiO2. The elastic modulus of the resulting polymer foams increased from 5 MPa to 120 MPa 
(determined via compression tests) depending on the composition. PEGDMA is a stress-
reducing component which also reduced brittleness and chalkiness of the synthesized 
polymer foams. The silica particles acted as reinforcement which caused a significant 
increase of the elastic modulus as well as the crush strength in comparison to samples that 
did not contain any inorganic reinforcement. In order to obtain crystalline polyHIPEs lauryl 
acrylate, lauryl methacrylate, stearyl methacrylate and stearyl acrylate can be used in DVB 
emulsion templates [186]. Crystalline polyHIPE was thought to be obtained via 
polymerization of long side-chain monomers but only the stearyl acrylate containing 
emulsion template exhibited a significant melting peak above room temperature which was 
determined via differential scanning calorimetry (DSC). The crystalline phase in this polyHIPE 
shows a Bragg d-spacing of 420 pm (4.20 Å), typical for side-chain paraffin-like hexagonal 
lattice. The elastic moduli of these polyHIPEs ranged from 0.5 MPa to 1.6 MPa. Furthermore, 
crystalline polyHIPEs were synthesized through the co-polymerization of stearyl acrylate 
with ethylene glycol dimethacrylate (EGDMA) and DVB but exhibit relatively low mechanical 
strength values [186-188]. Livshin et al. [186] mentioned that they could potentially be used 
to produce porous shape-memory polymers because the higher the molecular mobility and 
molecular order9, the higher the melting point (Tm) and the higher the crystallinity. Poly(ε-
caprolactone) (PCL) copolymerized with ST or MMA was used in order to produce materials 
for tissue engineering applications such as for chicken embryo and rat skin explant or 
individual human skin cells [176]. Cells are sensitive to their growing support and, therefore, 
a biodegradable PCL system was developed which indicates excellent biocompatibility [176]. 
However, the emulsion templates are sometimes partially destabilized and, therefore, the 
typical polyHIPE structure collapsed [179].  
                                                 
9  Homopolymer versus copolymer, non-cross-linked versus cross-linked, acrylate versus methacrylate and 
long side chains versus short side chains. 
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Table 2:  Examples of polyHIPEs made from w/o-surfactant stabilized emulsion templated 
without benzylic compounds and their function and /or application. 
Organic phase composition*/ dispersed phase Function References 
EHA-IBOA/water Non-crosslinked, printable [199] 
EHA-IBOA-TMPTA/polyelectrolytes Lysine and lipase immobilization [200, 201] 
EHA-IBOA-TMPTA (surf. Hypermer B246)/deionized 
water 
ATRP functionalization [202] 
EHA-HDDA-EHMA-HDMA/aq. CaCl2 solution 
Different diolacrylate derivates 
for flexible polymer foams 
[128] 
EGDMA-GMA- (surf. Synperonic PEL 121)/aq. CaCl2 
Functionalization, 
Chromatography 
[196] 
EDMA -GMA- (surf. PF127) aq. CaCl2 
Human serum albumin (HSA) 
immobilization, chromatography 
[203, 204] 
GMA-EHA-IBOA-TMPTA (surf. Hypermer 
B246)/deionized water 
UV-polymerized [205] 
EGDMA-TCPA/aq. CaCl2 Functionalization [165] 
t-BA or EHA-PCL-macromer/aq. K2SO4 Degradable [179] 
TMPTA-mercapto compound-octadiyne (surf. Hypermer 
B246)chloroform/deionized water 
UV-polymerized [201, 206] 
Macromer poly(propylene fumarate), crosslinker 
propylene fumarate diacrylate (PFDA)/aq. CaCl2: K2SO4 
Tissue engineering [207] 
*  Unless otherwise stated all emulsion templates were stabilized with the surfactants (surf.) sorbitan (Z)-mono-9-
octadecenoate (Span 80).  
Abbreviations: 
Aq.- aqueous; ATRP- Atom transfer radical polymerization; EHA- ethyl hexylacrylate; EHMA- ethylhexyl methacrylate; 
EGDMA- ethylene glycol dimethacrylate; GMA- glycidyl methacrylate; HDDA- hexanediol diacrylate; HDMA- 1,6-hexanediol 
methacrylate; IBOA- isobornyl acrylate; PCL- polycaprolactone; PEGDMA- polyethylene glycol dimethacrylate; PGA- 
polyglutarylaldehyde; PLA- polylactic acid; Span 80- surfactant (surf.) Span 80; ST-styrene; t-BA- tert. butylacrylate; TCPA- 
2,4,6-trichlorophenyl acrylate; TMPTA- trimethylolpropane triacrylate.  
Comparing Table 1 and Table 2 most polyHIPEs are prepared from benzylic monomers such 
as ST or DVB and the emulsion templates were usually stabilized using Span 80. In the 
research and patent literature only a few systems based on non-benzylic emulsion 
templates can be found (Table 2). A monomer composition of EHA-isobornyl acrylate-
trimethylacrylate and N-acryloxy-succinimide [208] has been developed in order to allow for 
covalent grafting of biologically active molecules to the polyHIPEs, e.g. for lysine and lipase 
immobilization [201]. In another template the organic phase consisted of EHA-isobornyl 
acrylate emulsion template. The polymerization of the emulsion template was initiated 
(3.0 wt.-% Darocur 4265) using UV, resulting in a non-crosslinked [199] polymer foam which 
can be useful as printable identification card. This polymer foam possesses a first Tg of 38 °C 
and an obvious partially collapsed structure. 
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2.6.2. Aqueous Phase Composition in Water-in-Oil (w/o) Emulsion 
Templates 
Dissolved components in the aqueous phase e.g. water-soluble electrolytes, suppresses 
Ostwald ripening (coarsening) and enhance the emulsions stability by preventing water 
diffusion through the organic phase to create larger droplets. The presence of electrolytes, 
usually calcium chloride dihydrate, reduces the interfacial tension of the two immiscible 
phases [209] due to stronger adsorption of the surfactant molecules at the interface. As a 
result, if the surfactant is adsorbed more strongly at the w/o interface a higher resistance to 
droplet coalescence can be observed [210] (see e.g. Figure 88). In addition to emulsion 
stability, the droplet size in ST-DVB-HIPEs and consequently the pore size of the resulting 
polyHIPEs is supposed to be strongly influenced by the concentration of electrolyte in the 
aqueous internal phase [117, 211]. It was stated that increasing the electrolyte 
concentration results in a decrease of the droplet size and, therefore, resulting pore sizes 
[189, 212]. On the other hand, Abbasian et al. [9] stated that the addition of CaCl2 to HIPEs 
increases remarkably the pore and pore throat sizes of the resulting polymer foams. A 
comparative study on the influence of potassium peroxodisulfate (KPS), which acts 
simultaneously as initiator and electrolyte, and the commonly used electrolyte calcium 
chloride was presented by Williams [213]. Polymerized emulsions containing dissolved KPS 
had smaller pore sizes compared to polymerized emulsion templates from aqueous calcium 
chloride solutions, which were initiated using AIBN. However, no explanation was provided 
for this observation. 
Other electrolytes in the aqueous phase which were also used are; sodium chloride [214, 
215], potassium sulphate [146, 179] and copper nitrate in order to produce battery 
materials [216], hydrogen peroxide [153], silica aerogel [150], trimesinacid [217] and nickel 
sulphate or chloride [120, 218-223]. The internal phase as mentioned above does not 
necessarily need to be an aqueous phase as long as the internal and the continuous phase 
are immiscible. Also oil-in-oil emulsion (o/o-emulsion) or oil-in-water-emulsion (o/w-
emulsion) templates have been studied (see below). Therefore, emulsion template 
formulations containing different internal phases, e.g. lead [216] or ionic liquids [28] can be 
already found in the literature. This approach allows the preparation of more complex 
polymer foam materials via the so-called one-pot method.  
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2.6.3. Reverse/Inverse Emulsion Templates – Oil-in-Water (o/w) Emulsions 
Less work has been published on the synthesis of polyHIPEs based on hydrophilic (i.e. water- 
soluble) monomers in o/w-emulsions. Examples of o/w-emulsion templates can be found in 
Table 3. Krajnc et al. [224] reported the preparation of a so-called ‘reverse’2 polyHIPE by 
polymerization of an o/w HIPE consisting of an aqueous mixture of acrylic acid (AA) and 
N,N’-methylenebisacrylamide as the continuous phase and toluene as the dispersed phase. 
However, before this publication ‘superabsorbents’ were already prepared using similar 
approaches [225]. Barbetta et al. [226] prepared gelatin- and dextran-methacrylate 
polyHIPE scaffolds using o/w HIPEs or alginate hydrogels which were biocompatible and 
could be intended for tissue engineering applications. 
Table 3: Examples of polymerized surfactant stabilized o/w-emulsion templates and their 
applications. 
Emulsion template system Used for References 
AM, MBAA, (1% of a self-prepared surfactant of 
perfluoropolyether ammonium carboxylate surfactant) 
and PVA 
Dispersed phase: supercritical fluid 
--- [90] 
AM, MBAM, APS, SDS-PVA 
Dispersed phase: light mineral oil (LMO, ρ = 0.838 g/cm3) 
--- [108] 
Gelatin-methacrylated derivative, Triton X-405 was 
dissolved in PBS buffer, 
Dispersed phase: AIBN in toluene 
Biocompatible gelatin, 
ultrahigh porous 
[227] 
PEGMA, EGDMA, APS, SDS, DMF. 
Dispersed phase: light mineral oil or cyclohexane. 
Responsive materials [228] 
AA, MBAA, (surf. TritonX-405; ini. APS) 
Dispersed phase: toluene 
--- [229] 
PHEMA, HEMA-, MBAA, or EGDMA-Triton X405-PVA-APS 
Dispersed phase: cyclohexane 
Hydrogels which possess 
rarely a polyHIPE 
structure 
[230] 
1-vinyl-5-amino [1,2,3,4]tetrazole, MBAA and a mixture 
of hydrophilic surfactants. 
Dispersed phase: dodecane 
Hydrophilic, supposed to 
be green material 
[231] 
 
Abbreviations: 
AA - acrylic acid; AIBN - 2,2′-azobis(2-methylpropionitrile); AM - acryl amide; APS - ammonium persulfate initiator; 
DMF - dimethylformamide; EGDMA - ethylene glycol dimethacrylate; HEMA - 2-hydroxyethyl methacrylate; ini.- 
initiator; MBAA - methylene bis acrylamide; PBS - phosphate buffered saline; PEGDMA – polyethylene glycol 
dimethacrylate; PHEMA - poly(2-hydroxyethyl methacrylate); PVA - polyvinylalcohol; PVP - polyvinylpyrrolidone; SDS - 
sodium dodecyl sulphate; surf. - surfactant.  
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2.6.4. Stabilization of Emulsion Templates 
Molecular (Liquid) Surfactants to Stabilize Water-in-Oil Emulsions 
The concentration of the surfactant in the monomer phase is a vital parameter for the 
formation of stable emulsions. The optimum concentration of surfactant varies between 
5 vol.-% and 40 vol.-% with respect to the organic continuous phase of the emulsion 
template [147, 152]. Too high concentration of surfactant(s) (exceeding 60 wt.-%) resulted 
in the production of a non-droplet shaped polymer foam morphology (e.g. compare Figure 
8d). However, if the concentration of surfactant was too low (less than 5 wt.-%) mainly 
closed-porous polymer foams are formed (e.g. compare Figure 8c) [138]. So far these 
observations are not explained as in both cases the amount of surfactant is far in excess of 
the CMC which is required to cover the interfacial area and to stabilize an emulsion 
template (Chapter 4.1.2). Unilever researchers [153] reported that the surfactants used to 
form w/o-HIPEs should have a low hydrophilic-lipophilic-balance (HLB) value between 2 and 
6 according to the Griffin’s Rule. Williams [147] determined the influence of different 
surfactants in a HLB range from 1.8 to 10.5 of the Span series and nonylphenyl 
polyoxyethylene surfactants on HIPE stability and the resulting polyHIPE morphology. It was 
determined that sorbitan (Z)-mono-9-octadecenoate (Span 80) was the best suited from the 
series of surfactants which was studied. Furthermore, Williams [147] gave evidence that HLB 
values above 6 can result in stable w/o-emulsions as well. The HLB concept is a semi-
empirical method that is widely used for classifying surfactants and narrowing the 
surfactant selection according to Griffin’s rule [232, 233]10. In addition it is an empirical 
concept for determining the type of emulsion that a surfactant will potentially stabilize 
(o/w- or w/o-emulsion). However, it provides little insight into the relationship between the 
chemical structure of a surfactant and the long-term stability of the emulsion formed. It has 
become apparent that although the HLB method is useful as a rough guide for surfactant 
selection, it has serious limitations; the HLB value does not allow the prediction of the 
efficiency (concentration) nor the effectiveness (stability) of a surfactant. At the moment, 
there are no further parameters which allow the prediction of suitable surfactants for a 
                                                 
10  In 1949 William C. Griffin developed a method to categorize emulsifiers by the so-called hydrophile 
lipophile balance (HLB) values. These values are calculated by the ratio of the hydrophobic to the 
hydrophilic portion of the emulsifier molecule.  
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particular emulsion template formulation exhibiting a defined emulsion structure (droplet 
or non-droplet shape). 
Comparing Table 1 and Table 2 at least one benzylic compound, such as ST or DVB must be 
used in order to stabilize w/o-emulsion templates with the commercially available 
surfactant Span 80. Although Span 80 is the most commonly used surfactant for producing 
w/o-HIPEs, it is sometimes mentioned that Span 80 is not the ‘best choice’ [234-236] and, 
therefore, other surfactants were explored and used. This is especially true for new 
emulsion template formulations which do not contain any benzylic compounds.  
It is commonly known that surfactant mixtures are more suitable for emulsion stabilization 
than single surfactants and, therefore, mixtures of sorbitan esters were used [121, 131, 
234]. An ionic three-component surfactant mixture of sorbitan monododecanoate 
(Span 20), dodecyl-benzenesulfonic acid sodium salt and cetyltrimethylammonium bromide 
(CTAB) compared to single ionic cetyltrimethylammonium bromide (0.022 mol/L) for ST-DVB 
emulsion templates [237] resulted when polymerized in a much higher specific pore volume 
(14.7 cm3/g). The uniform pore size diameters are in the range from 1 µm to 40 µm which 
increased with increasing DVB concentration and/or water fraction [238].  
Another patent application describes that the addition of quaternary ammonium salt [239] 
to the internal phase increases the emulsion stability for surfactant concentrations 
< 10 wt.-% so that higher water to oil ratio emulsions were achievable, being stable for 
sufficient time and during polymerization at temperatures between 100 °C and 126 °C. In 
comparison, when using solely Span 20 as surfactant, only a 40 vol.-% water to oil ratio is 
achievable and the emulsion will immediately separate and does not cure into a polymer 
foam if heated to 126 °C [240]. 
Surfactants, which were described as more stable against oxidation are alkenyl succinate 
derivatives. Oxidative stability is important in absorbencies because of the undesired 
development of odours [241]. The fundamentals of influence of different surfactants on the 
w/ST-DVB-HIPE templates and the morphology on the resulting polymer foams have been 
studied in only a few reports [130, 131, 147, 213, 237, 238]. These reports are difficult to 
compare as different experimental set-ups and procedures were used for preparing the 
investigated polymer foams. Other commercially available surfactants which were tested 
were surfactants of the Hypermer series Hypermer B246sf [135, 182, 242], a mixture of 
Hypermer B261-Span 80 [148], Hypermer 1070 [134, 136, 243], Hypermer 2296 [50, 190, 
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198, 211, 244] and mixture of Hypermer 2296/Hypermer B246sf were used to stabilize 
M/LIPEs containing benzylic compounds [50]. Furthermore, the patent literature reports the 
following additional surfactants for stabilization of emulsion templates containing benzylic 
compounds; polyoxybutylene-polyoxyethylene sulphate-based surfactant [245], diglycerol 
monoisostearate [241, 245, 246], diglycerol monooleate [247], cocoyl ethers and 
polyglycerol aliphatic ether surfactant [248]. In particular, it seems that especially for non-
benzylic w/o-systems other surfactants are required in order to produce stable emulsion 
templates. For example a GMA-EGDMA based emulsion template was stabilized using 
Synperonic PEL121 [197]. Synperonic PE L121 is a triblock copolymer of poly(ethylene oxide) 
and poly(propylene oxide) [177]. 
Particle Stabilization of M/HIPEs to Produce polyM/HIPEs 
Another method to stabilize emulsions is the use of colloidal particles. The resulting 
emulsions are so-called Ramsden or Pickering emulsions. Both o/w and w/o emulsions can 
be effectively stabilized by particles due to their strong adsorption at the liquid-liquid 
interface [249]. In contrast to surfactants, particles adsorb irreversibly at the interface [250].  
 
Figure 10:  Schematic representation of particles on a planar (top) and curved (middle) interface in 
order to define the contact angle (θOW) of the particle in water. Hydrophilic particles 
(θOW < 90°) being adsorbed at the liquid-liquid interface (left) curve the interface to 
such an extent that o/w-emulsions are obtained. Hydrophobic particles (θOW > 90°) 
curve the interface in the direction of w/o-emulsions (right) (Adapted from Ref. [250]). 
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The wettability of the particles is important for the type of emulsion formed and can be 
quantified usually by the contact angle (θ) of the water phase on the particle and is a 
measure of a particle‘s surface hydrophobicity [250]. The contact angle can be thought as 
equal to the hydrophilic-lipophilic-balance (HLB) of molecular liquid surfactants, i.e. the 
lesser wetting phase becomes the dispersed phase, which is similar to the Bancroft’s rule for 
molecular surfactants [250]. The side of the particles which is more wetted becomes the 
continuous phase and defines the emulsion type (Figure 10). At the interface, particles form 
a monolayer around the dispersed droplet, when the contact angle is θ > 90°. This means 
that the interface is curved in such a direction that the larger particle surface is exposed on 
the external side towards a w/o-emulsion. The interfacial tension (IFT) is not lowered as e.g. 
in the case of surfactants. The particles are only energetically trapped at the interface, 
reducing the liquid-liquid interfacial area and thereby reducing the free energy of the 
system. For a thorough analysis, the reader should refer to the articles by Binks [60, 251]. 
Different approaches have been used to tailor the wettability of particles, this was achieved 
for instance by: 
(1)  in-situ modification of the particle surface via the adsorption of long-chain 
amphiphilic molecules (surfactants/co-surfactants), 
(2)  varying the lyophobicity (or hydrophobicity) of inorganic particles through prior 
chemical surface treatments (e.g. silanization of silica particles) [53, 252, 253], 
(3)  using polymeric particles exhibiting hydrophilic charge carriers on the surface 
(e.g. modified latex particles) [254, 255]. 
 
The advantage of using particles to stabilize HIPEs over surfactant stabilized systems is that 
only small amounts of particles are needed to stabilize the emulsion template. Particles do 
not leave residual surfactant(s) in the resulting polymer foams, which can have negative 
effects on the material properties (e.g. plasticization). In comparison to surfactant stabilized 
emulsion templates particle stabilized emulsions are relatively easy to prepare and allow the 
in-situ creation of novel polymer foam materials combined with mechanical reinforcement 
and/or properties of the resulting polymer foams which depend on the incorporated 
particles. Most of the polyHIPEs synthesized from Pickering-HIPEs possess relatively large 
pores (200 µm – 400 µm) and are closed porous. Due to this they are usually not highly 
interconnected, which is typical for conventional polyHIPEs and which shorten the possible 
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application range. In Table 4 successfully prepared polymerized-Pickering-emulsion 
template formulations are summarized. Also the used internal phase volume and the 
amount of particles used for stabilizing the emulsion template are stated. Gurevitch et al. 
[256] and also Ikem et al. [257] investigated the effect of the synthesis parameters on the 
porous structure of polyHIPEs stabilized via various silanized silica particles. Additionally, 
Pickering-MIPEs containing up to 60 vol.-% internal phase stabilized using 0.4 wt.-% oxidized 
carbon nanotubes (CNT) [258] were used to produce polyMIPEs. 
Table 4: Summary of polymer foams made from emulsion templates stabilized by particles 
(Pickering emulsions). 
Organic phase composition/ 
dispersed phase 
Internal phase  
Φ [%] 
Amount of particles 
with respect to the 
organic phase 
[wt.-%] 
References 
ST-DVB-(OA)-TiO2 /aq. CaCl2 70 - 85 1 [137] 
ST-DVB-(OA)-Fe3O4/deionized water 75-92.5 0.5 – 5.0 [259] 
ST-PEGDMA-(OA)-TiO2/aq. CaCl2 70 - 85 1 – 10 [260] 
ST-PEGDMA-(OA)-SiO2/aq. CaCl2 92-95 4 [261] 
ST-PEGDMA-CNT/aq. CaCl2 60 0.9 [258] 
DVB-poly(MMA)-microgels/water or 
NaOH 
50 --- [20, 262] 
EHA-DVB- (Sil)-SiO2/aq. K2SO4 83 2 – 7 [256] 
Acrylated soybean oil (AESO)-(Sil)-
bacterial cellulose (BC) /aq. CaCl2 
50 - 70 0.5 – 5.0 [2] 
PMMA foams stabilized by Copolymer 
particles of ST, MMA, AA/aq. NaCl 
80 - 93.3 1 [263] 
Abbreviations: 
AA - acrylic acid; AESO - acrylated soybean oil emulsions; aq. - aqueous; BC - bacterial cellulose; CNT - carbon nano tubes; 
DVB -divinylbenzene; EHA - ethyl hexylacylate; OA - oleic acid; PEGDMA – polyethylene glycol dimethacrylate; PMMA - 
polymethyl methacrylate; SiO2 - silica; Sil - silane modified; ST - styrene; TiO2 - titania. 
 
Furthermore, emulsion templates stabilized by modified titania [137, 260] (HIPEs and 
MIPEs) and silica [261] nanoparticles have been reported. The nanoparticles, whose content 
was varied from 1 wt.-% to 5 wt.-% based on the monomer phase, were able to stabilize 
HIPEs containing up to 92 % internal phase. Afterwards, these HIPEs were successfully 
polymerized to Pickering-polyHIPEs. In addition, poly(methyl methacrylate) micro-gel 
particles were used to stabilize DVB-HIPEs containing a 1:2 mixture of n-butyl and n-lauryl 
methacrylate/ethylene glycol dimethacrylate as a continuous phase. However, these 
emulsion templates were prepared by forced sedimentation and centrifugation of Pickering 
emulsions with an original internal phase volume < 50 % [20]. 
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A Pickering emulsion template was described which upon polymerization results in an 
interconnected polymer foam [263]. The copolymer particle stabilized HIPEs (made from ST, 
MMA and acrylic acid (AA) initiated by ammonium persulfate (APS)) have an internal 
aqueous phase volume ranging from 80.0 % up to 93.3 %. The open porous structure of the 
polymerized Pickering stabilized emulsion templates results by dissolving the copolymer 
particles (poly-MMA) in the organic phase (MMA) during the preparation of the polyHIPEs. 
Furthermore, an MMA continuous organic phase was emulsified with an aqueous solution 
of 1.0 wt.-% MMA-copolymer particles and NaCl. Interestingly, the preparation of Pickering 
HIPEs without NaCl in the internal phase failed but was successful when using a NaCl 
aqueous solution (up to 6.1 mol/L) as the internal phase [263]. The influence of NaCl on the 
macroporous polymer morphology was investigated. Surprisingly, when using 0.1 mol/L 
aqueous NaCl solution a closed porous structure was obtained whereas at higher 
concentrations resulted in open porous polyHIPEs. The presence of electrolyte in the 
aqueous phase suppresses the double-layer repulsion and reduces the hydrophilicity of the 
particles. Moreover, the average pore diameter of the polyHIPEs decreased with increasing 
NaCl concentration. PolyHIPEs with relatively small pore sizes of about 30 µm up to 65 µm 
were achieved with increasing internal phase volumes. Openness is an advantage in 
macroporous polymer foams especially in the case of the preparation of usually closed 
porous poly(Pickering)H/MIPEs. Recently, Ikem et al. [211, 244] developed a method to 
produce open porous Pickering-polyHIPEs via a one-pot method, where a small amount of 
surfactant was added at the end of the emulsification process in order to open up the pores 
in poly-Pickering-HIPEs on polymerization. A patent which covers surfactant-free polymer 
foams was filed by Bismarck et al. [257, 264].  
Special Monomers and Fillers to Adjust Polymer Foam Properties 
Useful fillers, additive and co-monomers which have been used in emulsion templates are 
summarized in Table 5. Additives in emulsion templates have been used for a long time. For 
example in 1976 Lissant [265] already used surfactant stabilized HIPEs as a suspension 
medium for solids. The high viscosity of HIPEs can prevent particles from settling. Another 
reason why particles are often used is to improve the mechanical performance and other 
properties of conventional polyHIPEs produced from surfactant stabilized HIPEs by various 
methods without affecting their highly porous interconnected structure.  
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Table 5:  Examples of fillers, additives and co-monomers which have been used and were directly 
incorporated in emulsion templates to impart particular properties in the produced polymer 
foams. 
Additives Used as/ to impart References 
Halogenides, tris[1,3-dichloropropyl] phosphate, 
antimony 
Flame retardant [190, 266] 
Polyhedral oligomeric silsesquioxane, or silane 
Reinforcements, Immobilization of 
enzymes 
[120, 190, 267-
271] 
Organo (I) gold complex Inertial Confinement Fusion [272] 
Vinyl ferrocene Colour [128] 
2-hydroxyethyl methacrylate OH-modification for solid support [160, 273] 
2-bromo-2-methyl-propanoate Post-modification of the surface [274] 
Poly(furfuryl alcohol) coating Enhancing mechanical properties  [275] 
Amine, alcohols, ester, acid, and thio-acetic acid Functionalization [167, 276-279] 
Direct modification of chloromethylated polyHIPEs, 
deposition of a polyelectrolyte complex of flavin-
contg. polycations and poly(Na+- styrene sulfonate) 
Immobilization of flavin [194] 
Inorganics: Al(OH)3 [266], betonite [280-282], 
montmorillonite [283], manganese [284], zirconia 
[285], silver [163] 
Fillers and/or reinforcements [286] 
Iron/iron oxide  Magnetic properties [266, 287] [288] 
Titania Fillers [289] 
Silica Fillers 
[109, 135, 140, 
153, 182, 285] 
Titania, titania nanorods (TNRs) were grown via 
the base-catalyzed hydrolysis of titanium 
isopropoxide in oleic acid, CNT, multi walled CNTs 
in ST-DVB-Hypermer 2296 (surf.) 
Reinforcements [198] 
Palladium and ruthenium 
Solid phase synthesis, catalytic 
activity 
[159, 290-292] 
Carbon nanotubes, carbon black Electrical conductivity 
[120, 258, 293, 
294] 
Hydroxyapatite 
Surface coating for osteoblast 
growth, bone formation 
[140, 295] 
Fibres, sodium carboxy methyl cellulose (CMC) 
[140], chopped copper fibres [120], bacterial 
cellulose (BC) [2] 
Produce microchannels, reinforce-
ment, fabrication of an organ 
support system with fibres [120, 
140] 
[120, 296] 
Water-soluble polymers, such as PEO n.a. [140] 
4-Ethyl-(2-dibutylchlorostannyl) 
Organotin polymers shows a good 
activity and good stability towards 
dehalogenation and radical 
cyclization 
[297] 
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Advantageously, particle/metal powder, perfume, antibacterial and mildew proofing agents 
can be used in order to modify and improve existing systems and create defined and unique 
polymer foams for various applications. Many insulation applications require flame 
retardancy [190, 266]. Flames involve free radical processes and so polymers containing 
halogen atoms, in particular bromine, are good flame retardants (e.g. 
hexabromocyclodecane activated by antimony oxide [190]). Such synergistic systems are 
effective although there is an increasing environmental concern in using halogens and toxic 
elements. However, the incorporation of antimony trioxide in poly(ST-DVB-EHA)HIPEs 
increased the Limiting Oxygen Index (LOI, ASTM D-2863) from 15 % to 25 %. In order to 
produce flame retardant polymer foams, chloroprene, pentabromo-phenyl acrylate and 4-
chlorostyrene were introduced into the organic phase of emulsion templates and co-
polymerized with ST and DVB. Another example of a flame retardant additive is tris(1,3-
dichloropropyl) phosphate [190] which includes halogen and phosphorous stimulants. 
Additive co-monomers may be added to confer radiation resistance [252], opacity to 
radiation, e.g. tetraacrylate to reflect incident infrared light or to absorb radio waves. Other 
monomers and additives such as antioxidants (e.g. amine light stabilizer) UV absorbers, such 
as bis-(1,2,2,5,5,-pentamethylpiperidinyl)sebacate (Tinuvin-765), hindered phenolic 
stabilizer such as Irganox-1076 and t-butylhydroxyquinone [246], plasticizers (e.g. dioctyl 
phthalate, dionyl sebacate), dyes/colour (e.g. vinyl ferrocene [128]), pigments, fluoresces 
and fibres [120] can be used as additives in order to tailor the properties of the polymers for 
different applications. The oil phase may also contain inert ingredients as additives, such as 
polymers which are dissolved but do not undergo polymerization. Suitable polymer 
additives are: polyisoprene, polyethylene, polypropylene, polybutadiene and various other 
macromolecular substances [128]. These ingredients can add strength, toughness or other 
properties to the resulting polyHIPEs. Furthermore, carbon black [243, 258] and silica [134, 
261, 270] fillers were already used. Mork et al. [266] extensively discussed different fillers, 
such as montmorillonite clays [164, 298-300], organophilic modified clays, carbon black 
[243] and graphite powder as infrared blocking fillers. Additionally, carbon nanotubes 
(CNT’s) [258, 293, 294] were incorporated to produce electrically conducting foams at lower 
carbon loading fraction as compared to carbon blacks. Furthermore, Mork et al. also 
described various organic and inorganic compounds such as titania, silicaoligomeric 
silsesquioxane (POSS) [270], starch and calcium carbonate as fillers for increasing flame 
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retardancy. Ferromagnetic materials [259, 301, 302], such as iron and nickel, can be 
incorporated to impart magnetic properties to the final polymer foam which can be useful in 
medical applications or in thermal and acoustic insulation of metal ceilings. Other authors 
used montmorillonite clays [283, 298], dodecylpyrrolidione modified montmorillonite [303]; 
Thunhorst et al. [304] used modified silica with methacrylic silane in order to stabilize 
emulsion templates to produce polymer foams.  
2.7. Polymerization of Emulsion Templates 
2.7.1. Radical Polymerization 
Radical Initiation 
The most common way to create high molecular weight polymer foam is the free radical 
polymerization (chain reaction) of polymerizable monomers such as styrene and acrylates. 
However, the reaction is limited to monomers having reactive, unsaturated groups (e.g. 
reactive vinyl moieties). Both HIPEs and inverse-HIPEs systems must normally contain 
initiators to initiate polymerization. The most used initiators for emulsion templating are the 
water-soluble potassium peroxodisulphate (KPS) and the oil-soluble 2,2’-azobis(2-
methylpropanenitrile) (AIBN, Figure 11) because of their low dissociation energy of 
approximately 167 kJ/mol [305] and relatively safe handling. The solubility of the initiator 
determined into which phase it should be added. Williams et al. [213] investigated the 
effect of the electrolyte initiator KPS and the non-electrolyte initiator AIBN on the resulting 
polymer foam morphologies and properties. It was discovered that when KPS in the 
aqueous phase is used, the resulting polymer foams were 50 % stiffer as compared to AIBN 
initiated polymer foams and the open porous pore sizes were decreased for KPS initiated 
polymer foams but no explanation was given. They mentioned ‘using a big if’ [213] that the 
smaller pore sizes resulted in increased mechanical properties. However, as will be shown 
later, their statement that smaller pores result in higher mechanical properties cannot be 
confirmed (Chapter 4.2.7). There are three main ways of creating radicals for initiating a free 
radical polymerization reaction: thermal cleavage of a covalent bond; photochemical 
cleavage (e.g. AIBN, Figure 11) and redox processes (Figure 12). Thermal initiators are usual 
classified by their 10 hours half-life temperatures which is the temperature at which half of 
the initiator will be decomposed in 10 hours (65 °C for AIBN and 60 °C for KPS) [305].  
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Figure 11:  Decomposition of 2,2’-azobis(2-methylpropionitrile) (AIBN) for free radical 
polymerization reaction. 
The process temperature and reaction time depends on the type of initiators used to initiate 
the free radical polymerization. Most initiators used for radical polymerization decay in the 
temperature range of 40 °C to 100 °C, for example di-(3,5,5-trimethylhexanoyl) peroxide 
(50 °C – 70 °C). Initiation at temperatures higher than 100 °C and standard pressure is 
usually not suitable as then the water in a water containing systems will evaporate. In all 
cases the temperature generated by the polymerization reaction will rapidly accelerate the 
polymerization reaction. Photochemical cleavage works in a very similar way to thermal 
dissociation. The energy needed to cleave the weakest bond is provided by absorbed 
photons (usually UV light). This is possible as the energy of a photon has the same 
magnitude as a weak covalent bond (200 kJ - 400 kJ). However, photo-polymerization [306, 
307] where light decays the initiator is rather difficult if huge blocks or thick emulsions 
layers need to be polymerized as the penetration depth of light is limited to initiate 
polymerization of the monomers further. Photo-polymerization [201, 205] and radiation-
induced polymerization [308] are rarely used in emulsion templating due to the above 
mentioned challenges but gained recently more interest for the fast polymerization of thin 
layers of emulsion templates [2, 98, 205, 309, 310]. If required, the initiation temperatures 
can be lowered by the addition of redox co-initiators (accelerators) [311], such as 
tetramethylethylenediamine, which are helpful if the emulsion is not stable enough and/or 
severely temperature dependent (‘phase inversion temperature’). The redox system cumene 
hydroperoxide (CHP, 2-hydroperoxypropan-2-ylbenzene) and ferrous sulphate forms 
radicals at room temperature (Figure 12).  
O
OH
O + OH
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Figure 12:  The one electron step involved in the redox reaction between cumene hydroperoxide 
(CHP) and Fe2+.  
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Also used are sodium metabisulphite or benzoyl peroxide with N,N’-dimethyl phenylamine, 
ammonium peroxodisulphate (APS) and N,N,N’,N’-tetramethylethylenediamine (TMEDA, 
Figure 13) to initiate free radical polymerization of vinyl monomers in a temperature ranging 
from 25 °C to 70 °C. Most redox processes that form radicals occur by a one electron 
transfer process. An advantage of the redox processes is that no gas will be released which 
can act as pore forming agent (porogene). 
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Figure 13:  Initiator decay of peroxodisulphate (APS) in a combination with tetramethylenediamin 
(TMEDA) to form two radical species. 
Electrochemically activated initiators [312], such as 4-nitrobenzene-diazonium tetrafluoro 
borate and redox pairs, for example cerium(IV)-glycerol, can be used to initiate free radical 
polymerization of vinyl monomers when an electric field is applied. The application of 
electrical potentials to an aqueous emulsion containing diazonium salts allows the initiation 
of vinyl monomer polymerization present in either aqueous or oil phases [313, 314]. 
Additionally, carbon fibres can be used as microheating elements for thermal activation. 
[315]. To conclude, the effect of the initiator and the impact of the chosen polymerization 
method on the morphology and the mechanical properties of the resulting polymer foams is 
thus far not well investigated and fully understood. However, some preliminary studies in 
terms of polymerization methods (thermal versus UV-initiation) and the influence of 
polymerization temperature on the morphology of resulting polyHIPEs were carried out by 
Richez et al. [11]. Remarkably, there are indications that the initiator plays a more important 
role than so far expected.  
Mechanism of Radical Polymerization 
The basic scheme for the free radical polymerization can be seen in Figure 14. The 
mechanism of radical polymerization can be separated into initiation, propagation and 
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termination steps (Figure 14, [316]). In order to understand the relationship between the 
polymerization parameters and the resulting polymer properties a short introduction into 
the radical chain reaction is given. Schematically, the initiator (I) decays (2 R·) and adds on 
the π-bond of the monomer, where a radical-monomer (RM·) is formed. 
 
Figure 14:  Basic schematic reaction for a free radical polymerization reaction of vinyl monomers, 
where kd, ki, kp, and kt are the rate constants of dissociation, initiation, propagation and 
termination by combination, respectively. 
This radical-monomer (RM·) can react further to polymer radicals (RMn·). The termination 
occurs either by disproportion or if two radicals combine together. The rate constant of 
initiator dissociation (kd) can be determined from its half-life at a given temperature using 
the equation kd = ln (2)/t1/2, where t1/2 is the half-life in seconds. For typical chain growth 
polymerization reactions, the reaction rates for initiation (ki), propagation (kp) and 
termination (kt) are well described in the literature [316]. Briefly, under the steady state 
conditions, the concentration of the active growing chains remains constant, i.e. the rate of 
initiation and termination is equal. It is assumed that the active growing chains are 
independent of the chain length of the polymer chain. This assumption is acceptable as long 
as the growing end of the chain has sufficient freedom of movement. Furthermore, the 
reaction rate for developing radical-monomers ([RM∙]) is less than for the propagation step, 
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𝑘i[R
∙][M] ≪ 𝑘p[RM
∙][M]. Therefore, the rate of monomer ([M] disappearance) can be 
expressed as 
−
d[M]
d𝑡
=  𝑘p  ∙  [RM
∙]  ∙  [M]     . Equation 6 
Using the steady state assumption, the concentration of active chains can be derived and 
expressed in terms of the other known species in the system 2𝑘𝑑[M
∙]2 = 2𝑘𝑑𝑓(I), where f 
is the efficiency of the initiator (typically between 0.5 - 1.0). This allows equating the 
previous equation to zero which in a short form gives the final Equation 7 for chain growing, 
as follows; 
𝑅 = −
d[M]
d𝑡
= 𝑘p ∙ (
𝑓∙𝑘d
𝑘t
)
1/2
∙ [I]1/2 ∙ [M]     , Equation 7 
where R is the rate of polymer chain growth (polymerization rate). As can be seen, the 
polymerization rate R is proportional to the monomer concentration and increases with the 
square root of the initiator concentration.  
The termination (kt) varies and is smaller at increased viscosity. Due to the increased 
viscosity (less [M]) more radicals are available and this results in an increased 
polymerization rate, which is the so-called Trommsdorff-Norrish effect, gel effect or gel-
point [316]. At this point the temperature increases further and may cause auto-
acceleration (run away) of the reaction (see Figure 69). Finally, the polymer solution 
becomes so highly viscous that it hinders the diffusion of monomer molecules. This means 
that further grows of the polymer radical ceases and the propagation rate and 
polymerization rate decreases to a minimum. For an idealized system the polymerization 
rate is correlated to the kinetic chain length (R) which describes how many monomer 
molecules have been activated by one radical;  
𝑣R =
𝑅p
𝑅i
=
𝑅p
2𝑓∙𝑘d[𝐼]
=
𝑘p∙[𝑀]
(2𝑓∙𝑘d∙𝑘t∙[𝐼])
1/2 =
𝑘p∙[𝑀]∙[𝑀
∙]
2𝑓∙𝑘d∙[𝐼]
     . Equation 8 
The kinetic chain length (R) is a measure of the average number of monomer units reacting 
with an active centre during its life time and is related to the molecular weight through the 
mechanism of termination. Without chain transfer, the dynamic chain length is only a 
function of the propagation rate and the initiation rate. The molecular weight decreases 
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with the square root of initiator concentration whereas the polymerization rate increase; 
the slower the initiation reaction (lower temperature), the larger the molecular weight of 
the resulting polymer (Equation 8). Fast polymerization rates, obtained by higher initiator 
concentrations or polymerization temperatures, result in lower molecular weights and also 
lower crosslinking densities. This can affect the resulting mechanical properties of polymer 
foams. However, this effect is so far not investigated in emulsion templated polymer 
systems. 
2.7.2. Other Polymerization Methods to Polymerize Emulsion Templates 
Alternative routes for the preparation of polymer foams such as the step-growth reaction of 
diisocyanate with poly(ε-caprolactone) (PCL) were developed [215]. However, the polymer 
did not possess a well-defined polyHIPE structure (multi-structural areas or so-called 
hierarchical structures). A not often cited approach is a polycondensation strategy to 
polymerize suitable monomer emulsion template systems and, therefore, to extend possible 
emulsion template formulations. However, polycondensation [271] has disadvantages or 
limitations, namely the by-products, such as water which means that they are often 
incompatible with w/o-HIPEs. The by-products that are generated decrease the yield of the 
polymerization and, therefore, this reaction route is only rarely possible. A non-aqueous 
polycondensation reaction was carried out with a maleimide-terminated aryl ether sulfone 
macro-monomer which was copolymerized with ST and DVB or a bis(vinyl ether) and 
petroleum ether as the internal phase. This emulsion template formulation resulted in a 
polymerized thermally stable poly(aryl ether sulfone)HIPE [317]. In addition, an o/w-
emulsion template of 2-nitroresorcinol/cyanuric chloride and sodium hydroxide as internal 
phase resulted in a polymeric foam via polycondensation reaction [318]. However, although 
this polymer foam was synthesized from a HIPE the porous structure is not well defined and 
was rather non-droplet shaped. Additionally, resorcinol, formalin and cyclohexane were 
used to form a HIPE [271] which resulted in a tough, hydrophobic, opaque and salmon pink 
coloured polyHIPE. The resulting pores ranged from 1 µm to 15 µm and the compressive 
strength reached 900 MPa. Moreover, the polymer foams possessed a permeability of about 
0.1 Darcy (1 Darcy = 9.87 ∙ 1013 m²). 
In order to increase the variety of polymerization products, other methods were used such 
as the so-called Ring-Opening Metathesis Polymerization (ROMP) [319, 320]. This method 
2. THEORETICAL BACKGROUND 
 
48 
has some advantages over the radical polymerization of vinyl monomers such as good 
reactivity at room temperature and highly defined and selective synthesis of polymers. 
Some polyHIPEs were prepared by ring-opening metathesis using tetracyclododecene and 
dicyclopentadiene with ruthenium initiators/catalyst or of a norbornene derivate using a 
Grubb's catalyst [319, 321]. The resulting materials have been further functionalized using 
the active catalytic sites remaining in the structure. Furthermore, the so-called Atom 
Transfer Radical Polymerization (ATRP) [202, 322] is suitable for post-functionalization of 
the resulting polyHIPEs. Newest research focuses on thiol-ene reactions because of the fact 
that this reaction is rapid and can extend the existing formulations [206, 323, 324].  
2.8. Post-Functionalization of Polymer Foams 
The remaining double bonds of poly(ST-DVB)HIPEs can be used to functionalize the 
monoliths by for instance bromination, hydroboration or the radical addition of thiols. In the 
presence of a free-radical initiator, compounds such as hydrogen bromide and thiols 
undergo an addition to the residual vinyl groups. Other reactions such as hydroboration 
followed by hydrolysis have also been investigated to prepare post-functionalized polymer 
foams [279]. For some applications it is essential that the surface of polymer foams can be 
modified, for example by grafting polymers [202] or by coating bromoester functionalized 
polyHIPEs [325] via an in situ surface polymerization using the atom transfer radical 
polymerization (ATRP) [202, 274] or reversible addition fragmentation chain transfer (RAFT) 
polymerization [168].  
In order to increase the mechanical properties of poly(ST-DVB)HIPEs, a poly(furfuryl alcohol) 
coating inside the polymer foams was applied. Furthermore, to change surface properties, 
for example of hydrophobic poly(ST-DVB)HIPEs, various post-modifications [120, 192, 326] 
have been described such as sulfonation [47, 327], amination [328], nitration, chlorination, 
phosphorylation or betaination [183]. PolyHIPEs which contain hydroxy-derivates [160], 4-
vinylbenzyl chloride (VBCl) [191, 193], 4-nitrophenyl acrylate or 2,4,6-trichlorophenyl 
acrylate [165] can be further modified using nucleophilic substitution reactions. Another 
post-functionalization is the production of highly porous gold-functionalized polymer foams 
[329, 330] using emulsion templated polymers as scaffolds which were afterward calcinated. 
Recent research has focused on carbonization [331] of for example poly(ST-DVB-VBCl) 
polymer foams where the polymer foams were sulfonated and subsequently carbonized at 
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temperatures of up to 700 °C in order to obtain macroporous carbonaceous monoliths. 
After carbonization the overall sample dimensions decreased whilst percentage pore 
volume, compressive strength and compressive modulus increased. In addition, the 
development of foamed ceramics from HIPEs is also important for a number of applications 
such as molten metal filtration, catalysis, refractory insulation or hot gas filtration [4, 5, 
332]. 
2.9. Applications of Porous Polymer Foams Prepared via Emulsion 
Templating 
PolyHIPEs have been known since the early 1960s [8] and can be used for many different 
applications. A review recently published by Kimmins et al. [139] summarizes the different 
application possibilities. Highly open porous interconnected polymer foams are very 
attractive materials for a wide range of applications due to their low density and highly 
porous interconnected structures. PolyHIPEs are used as liquid carriers [14, 153, 333], in 
filter media [290, 334-337], air filters [200, 336], self-supported porous channel filtration 
modules [334], as filters for moisture and tar extraction in gasification [161] or 
demulsification of emulsions [338]. 
Another important application of polyHIPEs with their open porous structure is 
chromatography [148, 162, 339-342], for the separation of peptides and proteins [148] or 
immunoglobine by HPLC [204], viruses [183] and the removal of heavy metal ions [112, 161, 
162, 343], such as arsenic from water [343, 344] or atrazine removal by covalent bonding to 
piperazine functionalized polyHIPEs [112]. The biodiesel production from canola oil by using 
lipase immobilized within the pore volume of polyHIPEs [169, 201, 345, 346] was also 
described. PolyHIPEs are mainly used as solid support [117, 347-349] based on Merrifield’s 
original studies, e.g. as a monolithic scavenger after amine functionalization [191]. Pressure 
drop characteristics of polyHIPEs in chromatographic applications have also been 
investigated [196]. A sub-micron skeletal monolith column based on poly(glycidyl 
methacrylate-co-ethylene glycol dimethacrylate) was developed for liquid chromatography 
by directing supramolecular self-assembly within high internal phase emulsion [204]. The 
covalent attachment of enzymes/proteins on a polymeric support, for example microbial 
lipase [169, 170, 183], can be used as a biocatalyst for the transesterification reaction. Also 
the reversible immobilization of cysteine onto poly(ethylene glycol)-based emulsion-
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templated porous polymers by co-assembly of stimuli responsive polymers [228] was 
investigated. Further functional groups, such as lysine [201], flavin [194] (aerobic oxidation 
of 1-benzyl-1,4-dihydronicotinamide, BNAH) or lipase are possible in order to change the 
properties of the polyHIPEs and extend their application range.  
The three dimensional porous structures of polyHIPEs are suitable for scaffolds for 
osteoblast growth on a peptide hydrogel-polyHIPE hybrid [350]. PolyHIPEs are also suitable 
as surface support in tissue engineering, [47, 176, 177, 207, 226, 295, 351-357] and for solid 
state fermentation cultures [354, 358] such as hybridoma cells [357], bacteria or enzymes 
[201, 359, 360] such as invertase or urease. Additionally, moisture from the air can be 
adsorbed by the polyHIPE support and utilized by the bacteria within the open porous 
polyHIPE. This increases the growth performance of the bacteria [353].  
Furthermore, polyHIPEs can be used as light weight structural materials or as thermal [190, 
361, 362], acoustic [266] and electrical insulation and as matrices for electro-analytical 
applications [363], batteries [364, 365], electrochemical sensors [352, 363, 366, 367], 
capillary electrochromatography [185], or as ‘liquid screens’ for the in-situ preparation of 
downwell filters [211]. Cement slurry internal phase HIPEs can be used for the preparation 
of scaffold for retarded cement to provide strength in setting cement on demand. The 
resulting cement polymer hybrid materials have better chemical resistance then pure 
cement [22, 368]. Scandium isopropoxide modified polyHIPEs can be used as dopeable 
foams in inertial fusion targets [369, 370]. Another area is the use of HIPEs/polyHIPEs for an 
electro-optic scattering type device with an electrical colour polarizer for switchable colour 
by filling the polyHIPE with liquid crystals [371]. Another application is printable 
identification cards made of non-crosslinked polymer foams [199]. The non-crosslinked 
porous foam material can be melted after ink has been applied to these materials, thereby, 
sealing the ink into the material and providing an image with increased durability. 
The increasing interest in smart materials demands more complex systems. For example an 
uploading and temperature-controlled release of an aqueous solution of polymeric colloids 
by using a porous poly(N-isopropylacrylamide)HIPE as host material [372]. This may be 
potentially useful for the controlled release of functional colloids or colloids containing 
encapsulated active ingredients in applications such as drug delivery and smart coatings. 
The thermoresponsive porous PNIPAM acted like a pump to load and then release the 
polymer colloids. Additionally, polyHIPEs are being investigated for injectable scaffolds for 
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bone grafts [373]. A large area of polyHIPE patents describes absorbent and superabsorbent 
media [374-376], patented mainly by Desmarais and Dyer from Procter and Gamble 
(Cincinnati, Ohio, U.S.A.). Through various modifications the absorbent capability of polymer 
foams can be strongly enhanced. The interaction of water with polyHIPEs was investigated 
[189], where a poly(EHA-DVB)HIPE possessed a rapid water absorption during the first 
15 minutes of 378 % after which a plateau was reached. Although standard polyHIPEs are 
very hydrophobic, a 5.56 mol-% aqueous solution of THF has sufficient wettability for a 
supported liquid film to form within the interconnected pore structure. Therefore, this 
aqueous solution was investigated in terms of rapid and reversible hydrogen storage of 
clathrate hydrates [377]. Thus, large interfacial area and short diffusion pathways (in the 
order of a few micrometres) are available for gas clathrate formation. A key feature of the 
material is the interconnected pore structure and the very low bulk density (0.056 g/cm). As 
such, it is possible to support at least 20 g of the THF-H2O solution on just 3 g of polyHIPE; 
that is, a gravimetric ‘penalty’ of 13 % relative to the bulk THF-H2O system.  
 
Figure 15: ST-DVB-polyHIPE with metal organic framework (MOF) crystals inside the pores 
(Adapted from Ref. [378]). 
Recent publications focussed on metal-organic frameworks (MOFs) [217, 378-380], where 
polyHIPEs are used as a model substrate to produce open porous metal monoliths. They 
show good performance for storing hydrogen and methane. Materials which can adsorb gas 
onto huge surfaces can be very useful for fuel cells used in electric vehicles. The storage of 
2 µm
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gases [217, 377, 381, 382], particularly H2, has very high industrial importance (Figure 15). 
Metal incorporation, for example active particles directly incorporated in the surface of a 
chemically modified Pd@polyHIPE11, have been demonstrated for the metal-catalysed 
Suzuki-Miyaura coupling [291] and as ruthenium initiator [292] to allow a better reactivity in 
the field of chemistry. Recent research deals with nanocomposites, such as a polymerized 
Silica-HIPE-hybrid (Si-HIPE) [383], Eu@Organo-Si(HIPE)11 hybrids [384, 385], 
Pd@Organo−Si(HIPE) and LiBH4@carbon samples [383]. Such Si(HIPEs) as hard, exo-
templating matrices are prepared by aqueous solution of tetraethylorthosilicate and 
tetradecyltrimethylammonium bromide that had previously been acidified. Dodecane as oil 
phase was emulsified in the aqueous phase and the emulsion was allowed to condense for 
one week at room temperature. Thermal treatment at 650 °C was then carried out to 
remove the organic supramolecular-type template afterwards obtaining a Si(HIPE). 
Additionally, by using Si(HIPEs) as hard, exo-templating matrices, interconnected macro- 
and microporous carbon monolith-type materials with a surface area of around 600 m2/g 
were synthesized and shaped. The silica was removed from the composites by immersing 
them three times in a 10 wt.-% hydrofluoric acid solution and pyrolysis at 900 °C for one 
hour under argon flow. The carbonaceous foams had a high electrical conductivity of 
20 S/cm, together with excellent mechanical properties (elastic modulus of 0.2 GPa and 
toughness of 13 J/g, when the carbon core was optimized) [386, 387]. The functionality of 
these carbonaceous monoliths was tested as both an electrochemical capacitor and a 
lithium ion negative electrode [26]. The electrochemical capacitors’ voltage–current profiles 
exhibit a non-ideal rectangular response, confirming the double-layer behaviour of the 
carbon studied whilst the charge-discharge current profile of the electric double-layer 
capacitor is directly proportional to the cyclic voltammetry scan where the current response 
during charge and discharge exhibits high reversibility. It was found that the lithium ion 
negative electrode had a good cyclability despite initial irreversibility. This was associated 
with a stable capacity of 200 mA·h/g during the first 50 cycles at a reasonable charge rate 
(C/10) [383]. PolyHIPEs were also considered as Inertial Confinement Fusion (ICF) targets 
[272, 388]. Also Williams et al. considered silica aerogel filled ST-polyHIPEs for the use in ICF 
                                                 
11  The nomenclature Pd@polyHIPE indicates that palladium particles were post-synthesized inside the 
polymer. They may be enclosed (MOF@polyHIPE, see Figure 15) or grafted to the polymer walls. For 
instance an Eu@Organo-Si(HIPE) indicates a silica particle (TEOS) incorporated polyHIPE which was 
afterwards impregnated with Eu(NO3)3·5H2O in order to obtain an Eu@Organo-Si(HIPE). 
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targets [150, 389] and as an example, deuterated polymer foams of divinylbenzene-d10 and 
1,3,5-trivinylbenzene are of interest for thermal nuclear fusion applications [390]. 
In conclusion, many applications for polyHIPEs have been considered and patented. 
However, for many, the polyHIPEs need to be improved, enhanced or properties changed in 
order to fulfil the requirements for the desired applications. This cannot be fulfilled by the 
commonly used and most citied poly(ST-DVB-(EHA))HIPEs and it is the main reason why 
polyHIPEs have so far no high industrial relevance. The main problem in developing new 
emulsion templates is the lack of knowledge about fundamentals especially in the 
prediction of suitable emulsion template formulations, emulsion stability and the surfactant 
influence on the emulsion template and respective polymer foams in the area of M/HIPEs in 
order to easily fulfil the requested material properties. Hereby, the connection between 
colloid chemistry, rheology of the emulsion template and resulting polymer foam properties 
is insufficient [391]. Therefore, more understanding of the effects of different parameters, 
such as prediction of suitable surfactant-monomer combinations, understanding of 
interfacial phenomena, controllability of resulting pore and pore throat sizes etc. should be 
achieved in order to tailor the resulting properties without high screening complexity. 
Additionally, the contradictory statements in the literature on the influence of different 
reaction and processing parameters on the resulting physico-chemical properties of the 
emulsion template and the resulting polymer foams should be finally cleared-up.   
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3. EXPERIMENTAL PART 
3.1. Materials 
The following Tables (Table 6 and 7) summarize all the materials used, their suppliers, their 
important properties and critical safety information. 
Table 6:  Used chemicals, selected physico-chemical properties and warnings. 
Name 
Su
p
p
lie
r 
Purity 
M
o
le
cu
la
r 
w
e
ig
h
t 
[g
/m
o
l]
 
D
e
n
si
ty
 [
g/
cm
³]
 
B
o
ili
n
g 
p
o
in
t 
P
 =
 P
0 
[°
C
] 
Warnings 
MONOMER 
 
     
Styrene (ST) 
Si
gm
a-
A
ld
ri
ch
 
(D
o
rs
et
, U
.K
.)
 ReagentPlus®, ≥ 99 %, 
(10 - 15 ppm 4-tert-
butylcatechol) 
104.15 0.909 
145 
 
Flammable, toxic, harmful 
by inhalation 
Divinylbenzene (DVB) 
Technical grade, 80 %, 
(1000 ppm p-tert-butyl 
catechol) 
130.19 0.914 195 
Irritation respiratory 
system and skin 
SOLVENT 
 
     
Acetone 
V
W
R
, 
Le
ic
es
te
rs
h
ir
e
 
GPR ReactPur, 
99.9 %  
58.08 0.791 56 
Highly flammable, keep 
container in well ventilated 
place 
Methanol 
Si
gm
a-
A
ld
ri
ch
 
(D
o
rs
et
, U
.K
.)
 
GPR ReactPur, 
99.9 % 
32.04 0.791 65 
Highly flammable, Toxic by 
inhalation and in contact 
with skin, Toxic: danger of 
very serious irreversible 
effects through inhalation, 
in contact with skin and if 
swallowed 
Ethanol ACS reagent, > 99.5 % 46.07 0.789 78 Highly flammable 
INITIATOR       
Azobisisobutyronitrile 
(AIBN) 
A
cr
o
s 
(G
ee
l, 
B
el
gi
u
m
) 
99.8 % 164.21 1.1 --- 
Highly flammable, danger 
of serious damage to 
health by prolonged 
exposure, harmful by 
inhalation, possible risk of 
harm to unborn child 
ELECTROLYTE 
 
     
Calcium chloride 
dihydrate                       
(CaCl2 ∙ 2 H2O) 
Si
gm
a-
A
ld
ri
ch
 
(D
o
rs
et
, U
.K
.)
 
ReagentPlus, ≥ 99 % 
 
147.01 --- --- 
Irritant to eyes, in the case 
of contact with eyes, rinse 
immediately with plenty of 
water and seek medical 
advice.  
       
Water-soluble dye 
Methylene blue 
Fluka Purum, > 95 % 319.85 --- --- Harmful when swallowed 
Oil-soluble dye 
4,4`-Azoxyanisol 
Aldrich 98 % 258.27 --- --- Avoid contact 
Dichlorodimethylsilane  Aldrich > 99.5 % 129.06 1.07 70 Flammable and irritant 
*MEHQ = monomethyl ether hydroquinone inhibitor.  
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Table 7:  Used surfactants, trade name, activity content, chemical name, molecular formula, CAS 
number, hydrophilic-lipophilic balance (HLB) values, assumed molecular weight (MW), 
density and viscosity. 
Surfactant/ 
trade name 
Supplier 
A
ct
iv
it
y 
   
   
   
co
n
te
n
t 
[%
] 
Name 
Molecular formula    
[CAS number] 
HLB 
MW 
[g/mol][a] D
e
n
si
ty
 
[g
/c
m
3 ]
[b
]  
V
is
co
si
ty
   
   
   
[P
a·
s]
 
Span 80 
Sigma-
Aldrich 
(Dorset, 
U.K.), TM 
of Croda 
--- 
Sorbitan (Z)-mono-9-
octadecenoate 
C18H34O2 x C6H10O4 
[1338-43-8] 
4 - 4.3 
428.61* 
(451, Na+) 
0.992 
(0.986-
0.994)* 
1.2-2 
Hypermer 
2296 
Croda 
(Wilton, 
U.K.) 
> 76 
Blend of poly(isobutylene) 
succinic anhydride (PIBSA, 
C8H10O3) and sorbitanester 
[392] 
Chemical structure not  
published 
[187041-94-7] 
4.5 - 5.5 833 0.974 
1-1.5 
(25 °C) 
Hypermer 
1083 
> 97 
Poly(ethylene oxide)-10-
hydroxy octadecanoic 
acid block copolymer 
(C18H36O3 x C2H4O)n 
[439089-33-5] 
4.3 – 5 2041 0.984 
1.0 
(20 °C) 
Arlacel P135 100 
Poly(ethylene oxide)-di-12-
hydroxy octadecanoic 
acid block copolymer 
(C18H36O3 x ½ (C2H4O))n 
[827596-80-5] 
[Deleted: 439612-67-6 
and 450335-73-6] 
6 
1867 
~5000* 
--- >10 
Hypermer 
B246sf 
Croda 
(New 
Castle, 
U.S.A.) 
100 
Poly(ethylene oxide)--di-12-
hydroxy octadecanoic 
acid block copolymer 
(C18H36O3 x C2H4O)n 
[827596-80-5] 
6 
2000 
~5000* 
0.974 >10 
[a] Molecular weight determined via MALDI-TOF-MS and/or ESI-MS spectrometry (see Chapter 4.1.1). 
[b] Density determined via Paar Density DMA 5000M. 
* Literature value. 
Figure 16 illustrates the chemical structures of the main components of the surfactants 
used. 
 
Figure 16:  Proposed chemical structure of the surfactants used. In the case of Hypermer 2296 it is 
assumed that this is a mixture of sorbitan oleate (Span 80) and PIBSA. 
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The exact chemical structure and composition of the commercially available surfactants 
used are not precisely known. They are regarded as proprietary. In order to characterize 
these surfactants, Fourier Transform Infrared (FT-IR) and Nuclear Magnetic Resonance 
(NMR) spectroscopy as well as Electro-Spray-Ionization Mass-Spectrometry (ESI-MS) and 
Matrix-Assisted-Laser-Desorption-Ionization-Time-Of-Flight-Mass-Spectrometry (MALDI-TOF 
–MS) were carried out. 
Health and Safety Statement 
The most important health warnings and safety advice of the chemicals used are 
summarized in Table 6. Span 80 and the other surfactants are used in creams and food 
products and, therefore, should not have significant associated health risks. Nevertheless, in 
all cases suitable protective clothing, gloves and eye protection were worn at all times when 
conducting experiments. All work was carried out in a fume hood or in closed vessels. All of 
the chemicals used, except aqueous CaCl2 solutions, were disposed of as chemical waste. 
Chloroform was disposed via the halogenated solvent route. Polymer foams are regarded as 
non-toxic and hazard after purification and drying. 
Quality Control of Surfactants and Reproducibility of Emulsion Templates  
All of the emulsion templates prepared during this study where stabilized by surfactants 
from one single batch. Therefore, the analytical characterizations of the surfactants can be 
used as a quality control parameter since the exact compositions of technical surfactants 
can be different from batch to batch. The inhibitors from the monomers were not removed 
as styrene polymerizes easily. This is even when containing the inhibitor and during storage 
of the chemicals in the refrigerator (oligomerization). Tests to determine the influence of 
the inhibitor compared to purified chemicals were carried out but no significant differences 
(gel-point, morphology and mechanical properties) were detected. In order to test the 
quality of the styrene prior any experiment a droplet of styrene was added to methanol. 
Precipitation indicates the change in solubility of styrene and the presence of poly(styrene). 
The monomer was not used if a white precipitate of poly(styrene) was observed.12  
                                                 
12  Determining the refractive index of styrene monomer and polymerized styrene monomer (having already 
a high viscosity and precipitated in MeOH) did not reveal significant differences in the refractive indices 
(𝑛D
20  = 1.543 and 1.544, respectively, compared to the literature value of  𝑛D
20 = 1.546).  
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All of the samples presented in this thesis were prepared at least twice in order to prove 
successful emulsification and the reproducibility of the morphological features of the 
macroporous polymer foams (Supplementary Information 6.5 onwards). In order to verify 
the reproducibility of the determined mechanical properties ten polymerized ‘standard’ 
HIPEs, containing 60 vol.-% internal phase and Hypermer 1083 as surfactant, were 
prepared, polymerized and tested (more detailed information will be given in Chapter 
4.2.7). 
3.2. Characterization of Surfactants 
Fourier Transform Infrared (FT-IR) Spectroscopy of Surfactants and Polymer 
Foams 
Attenuated Total Reflectance (ATR)-IR spectra were collected using a Spectrum One FT-IR-
spectrometer (Perkin Elmer, Massachusetts, U.S.A.) in the range of 500 cm−1 to 4000 cm−1 at 
a resolution of 1 cm−1. A total of 16 scans were averaged to obtain each spectrum.  
Nuclear Magnetic Resonance (NMR) Spectroscopy of Surfactants 
NMR spectra of the different surfactants were recorded on a two channel DRX-500 
spectrometer (500 MHz for 1H and for 13C{1H} 126 MHz, Bruker U.K. Ltd., Coventry, U.K.) 
using d6-C6H6 as solvent (d6-C6H6: δ (1H-NMR) = 7.16 (s), δ (13C{1H}-NMR) = 128.39 (t) and 
d6-CHCl3: δ (1H-NMR) = 7.24 (s) and δ (13C{1H}-NMR) = 77.23 (t)). The obtained spectra were 
analysed using the software package TopSpin (Bruker U.K. Ltd., Coventry, U.K.). 
Distortionless Enhancement by Polarization Transfer (DEPT)-135-NMR was recorded in order 
to determine primary, secondary and tertiary carbon atoms. Chemical shifts (δ) are given in 
ppm relative to the solvent reference as the internal standard. Data are reported as follows: 
chemical shift (multiplicity: s for singlet, d for doublet, t for triplet, q for quaternary carbon 
and m for multiplet, integration, H/C, atom number). 
Matrix-Assisted-Laser-Desorption-Ionization-Time-of-Flight-Mass 
Spectrometry (MALDI-TOF-MS) of Surfactants 
MALDI-TOF-MS is a relatively novel technique in which a co-precipitate of a ultra-violet 
(UV)-light absorbing matrix and large biomolecules or synthetic polymers is irradiated by a 
laser pulse in order to propel large ionized molecules into a mass spectrometer. The laser 
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energy is absorbed by the matrix which prevents unwanted fragmentation of the 
molecules. The ionized molecules are accelerated in an electric field and enter the flight 
tube. During the flight in this tube, different molecules are separated according to their 
mass to charge ratio (m/z) and reach the detector at different times. In this way each 
molecule yields a distinct signal. A MALDI-TOF mass spectrogram gives valuable information 
about molecular weight distribution, end groups and the oligomer repeat unit pattern of a 
polymer. Important advantages of this technique are the speed of analysis, the small 
sample requirement, accurate mass measurement with high resolution and high detectable 
m/z range. MALDI-TOF-MS measurements to determine the molecular weight of the 
surfactants used were kindly performed by Dr. Dennis Blank (Justus-Liebig-Universität 
Gießen, Germany) on a Bruker UltrafleXtreme MALDI-TOF/TOF instrument (Bruker 
Daltonics GmbH, Bremen, Germany). The recorded data were analysed by using the 
software package Compass (Bruker Daltonics GmbH, Bremen, Germany). Samples were 
prepared by dissolving the surfactant in acetonitrile at a concentration of 10 g/L. A 10 µL 
aliquot of this solution was added to 10 mL of a 10 g/L dithranol [1,8,9-
tris(hydroxyanthracene)] matrix solution and additionally 1 µL of 0.1 M NaI methanol 
solution as ionization agent. A 1 mL aliquot of the resulting mixture was applied to a 
multistage target to evaporate the solvent and create a thin matrix/analyte film. The 
samples were measured in positive ion mode of the spectrometer. 
Electro Spray Ionization Mass Spectrometry (ESI-MS) of Surfactants 
Electrospray Ionization (ESI) technique is a soft ionization method and can be used to 
analyse non-volatile and thermally unstable compounds. ESI-MS usually does not result in 
any fragmentation of the analyte. However, ESI-MS is limited to low molecular weight 
compounds. ESI-MS measurements were undertaken in order to determine the molecular 
weight of the surfactants used and were carried out using a Bruker micrOTOF II instrument 
(Bruker Daltonics GmbH, Bremen, Germany) at the Justus-Liebig-Universität Gießen, 
Germany. Recorded data were analysed using the software package Compass (Bruker 
Daltonics GmbH, Bremen, Germany). Samples were prepared by dissolving the surfactant in 
acetonitrile at a concentration of 10 g/L. 
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3.3. Determination of the Interfacial Tension by Drop Shape Analysis 
Surface and interfacial tensions were measured with a Krüss DSA V1.90.0.14 (A. Krüss 
Optronic GmbH, Hamburg, Germany) using the so-called drop shape analysis (DSA-method), 
on pendant or standing drops. The drop shape method is advantageous as it requires only 
small sample volumes, allows measurements of low interfacial tensions of liquid and 
molten materials and additionally visualizes the interface (see e.g. Figure 88, Table 8 left). A 
commercially available package Krüss DSA V1.90.0.14 (Krüss Optronic GmbH, Hamburg, 
Germany) was used to determine the surface tension (SFT) and interfacial tension (IFT) from 
digitized drop images. For this purpose a monochrome camera (Toshiba Teli, model CCD 
CS8420C-02, Tokyo, Japan) was used for imaging the pendant drops created in the view-
cell. Having acquired an image, the software then analyses the shape of the drop and 
computes several quantities and parameters as exemplary shown in Table 8 for a pendant 
aqueous droplet containing 0.04 mol/L CaCl2 solution surrounded by a 1:3 mixture of 
ST:DVB containing 5·10−4 wt.-% Hypermer 1083 as surfactant. For an detailed theoretical 
background on this method the reader is referred to Song et al. [393, 394] and Georgiadis 
[395].  
Table 8:  Photograph of a pendant droplet (left) and the parameters associated with the 
calculation of the interfacial tension of a pendant drop using the KRÜSS DSA software 
(right). The solution surrounding the pendant drop is a 1:3 mixture of ST:DVB 
containing 5·10−4 wt.-% Hypermer 1083 with respect to the organic phase. The pendant 
drop contains 0.04 mol/L aqueous CaCl2 solution. 
 Parameter  
Temperature [°C] 20 ± 0.5 
Needle diameter [mm] 1.81 ± 0.01  
Δ density [g/cm3] 0.1232 
Image resolution [pixels] 768 x 572  
Magnification factor [pixel/mm 4] ≈ 70  
Drop surface area [µm2] 59 ± 2  
Drop volume [mm3] 43 ± 2  
Interfacial tension [mN/m] 12.55 ± 0.54  
Drop height [mm] 5.36  
Fit error [µm] 4.92  
Shape parameter (B) 0.58 
Aspect ratio 1.15 
All experiments were conducted in an air-conditioned room at (20 ± 1) °C. All chemicals 
were used as received. Prior to any measurements the stock solution (1:3 mixture of 
ST:DVB) was equilibrated with deionized water. The stock solution was added on top of the 
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water phase and allowed to equilibrate for 24 hours in a refrigerator (2 °C and 6 °C). Then, 
2 mL of the various non-ionic surfactants (20 vol.-% with respect to the organic phase, see 
Table 7 and Figure 16) was added to 8 mL of the water-saturated organic phase stock 
solution and then successively diluted with the remaining stock solution. After each dilution 
step one part was used for measuring the interfacial tension while the other part was used 
for the next dilution step. Density measurements of the liquids were carried out using a 
densitometer (DMA 5000M, Anton Paar Ltd., Hertford, U.K., Table 9).  
𝛾 =
∆𝜌∙𝑔
(𝐵∙𝐶apex)
2   . Equation 9 
Equation 9 represents the linear relation between the interfacial tension (γ) of two fluids 
and their density difference (ρ) and was applied to calculate interfacial and surface 
tensions, whereby g is the gravitational acceleration, Capex the mathematically derived value 
from the fitting and B the dimensionless drop shape parameter [395]. 
Table 9:  Measured densities (ρ) for some of the solutions used in this work (Anton Paar DMA 
5000M). 
 
ρ[g/cm3] at (20.00 ± 0.01) °C  
(Δρ± 0.0001 g/cm3) 
Deionized water 0.9979 
0.04 mol/L CaCl2 solution 1.0017 
0.50 mol/L CaCl2  solution 1.0422 
Pure 1:3 ST:DVB 0.9164 
20 vol.-% Span 80 in 1:3 ST-DVB 0.9304 
20 vol.-% Hypermer 2296 in 1:3 ST-DVB  0.9262 
20 vol.-% Hypermer 1083 in 1:3 ST-DVB 0.9317 
10 vol.-% Hypermer 1083 in 1:3 ST-DVB 0.9190 
10 wt.-% Hypermer B246sf in 1:3 ST-DVB 0.9251 
15 wt.-% Hypermer 2296/B246sf in 1:3 ST-DVB 0.9240 
10 wt.-% Arlacel P135 in 1:3 ST-DVB  0.9251 
Prior to all the surface/interfacial tension measurements the instrument was pre-tested 
using deionized water against air in order to calibrate the equipment. For pendant drop 
measurements an organic phase saturated aqueous droplet was placed using a capillary 
with an outer diameter determined with a caliper of (1.8 ± 0.1) mm into the surfactant-
containing oil phase, for standing droplet measurements vice versa. The capillary diameter 
served as a calibration length for determining the dimensions of the pendant droplets from 
the images recorded by allocating the number of pixels corresponding to this known size. 
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This is represented as the magnification factor (MAG) in pixels/mm. The large standard 
deviations (app. 20 %) of the IFT at lower surfactant concentrations result from the fact that 
the equilibrium state was not reached as the droplet detaches earlier. Additionally, the 
fitting of very spherical droplets, e.g. in surfactant-free droplets, are more inaccurate as 
indicated by the form shape factor (B) [393, 394]. To obtain reference values (γ0) a 
surfactant-free 1:3 mixture of ST:DVB was measured against deionized water, 0.04 mol/L 
aqueous CaCl2 and 0.50 mol/L CaCl2 solution (Table 14). The higher the electrolyte 
concentration, the better the shape factor (B = 0.7) and the less vibration sensitive were the 
pendant water droplets. In the end, all experiments were conducted in the standing drop 
mode against aqueous 0.04 mol/L CaCl2 solution as this is the preferred electrolyte 
concentration used for the preparation of emulsion templates. The critical micelle 
concentration (CMC) was determined as the concentration at which an abrupt change in the 
slope of the plotted curve γ(ln c) occurs (Figure 6). Directly below the CMC, the surfactant 
interfacial excess concentration (Γmax) [396] is given by the slope of γ(ln c) according to 
Equation 4. 
3.4. Preparation of Polymer Foams via Emulsion Templating 
The utilization of emulsion templates for the production of polymer foams as a batch 
process is widely used (see for instance Ref. [136] and [198]). However, the description of 
the parameters of the emulsification process in the literature is not very precise and, 
therefore, reported results are difficult to compare. The critical steps, e.g. the influence of 
the emulsification set-up or stirrer type (changing the droplet break-up mechanism), are so 
far not investigated at all. Only two publications deal with the emulsification via overhead 
stirring [9] or shearing via syringe devices [10]. Again contradicting results were reported. 
This is especially with respect to the influence of the emulsification process on the resulting 
mechanical properties of the produced macroporous polymer foams. It is thought that the 
mechanical properties of the emulsion templated macroporous polymers depend only on 
the properties of the polymer material forming the walls. However, during the course of 
this study it was found that the emulsification process is one of the most crucial process 
parameters and almost more important than the formulation of the emulsion template 
itself. The overall emulsification processing time (not the addition time, rate or 
temperature) has a significant influence on the resulting macroporous products (see more 
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details in Chapter 4.2.7). Different surfactants were investigated in the present work in 
terms of stabilizing essentially the same emulsion template formulation in order to 
determine the impact of the various surfactants on the emulsion morphology, polymer 
morphology and mechanical properties of the resulting polymer foams. The exact 
formulation of each emulsion template prepared is described at the beginning of each 
section. One emulsion template formulation is described in detail below. Unless otherwise 
stated, the following formulation is the ‘standard’ formulation which was emulsified using 
the ‘standard’ procedure and resulted in ‘standard’ emulsion templates. These emulsion 
templates once polymerized, yielded in the macroporous polymer foams which have been 
discussed throughout this thesis. 
All samples were prepared in a glass reaction vessel (GPE Scientific Ltd., Bedfordshire, U.K.). 
The emulsions were stirred using a glass paddle rod (GPE Scientific Ltd., Bedfordshire, U.K.) 
connected to an overhead stirrer (IKA RW20 DIGITAL, Fisher Scientific, Leicestershire, U.K.). 
The dimensions of the set-up are given in Figure 17.  
 
Figure 17: Photograph of emulsification set-up used (left) and dimensions of the set-up (right); 
diameter of stirrer arm (b), outer diameter of stirrer (d2), vessel height (h1), blade 
height (h3), inner diameter of vessel (d1) and stirrer pitch (h2) 5 mm. Fill volume of 
50 mL water = 43 mm height within the vessel. 
The polymerization of emulsion templates containing only ST as organic, polymerizable 
phase was not successful since the emulsion templates collapsed during the polymerization 
process and, therefore, no polymer foam monoliths were obtained. The addition of at least 
1 vol.-% DVB as crosslinking agent was necessary in order to obtain monoliths, but then no 
typical open porous polyHIPE (droplet-shaped) morphology was obtained. A crosslinking 
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amount higher than 5 vol.-% DVB was necessary to obtain monoliths having the typical 
polyHIPE morphology. The polymerization of the emulsion template containing only DVB as 
organic, polymerizable phase resulted in a homogeneous monolith with polyHIPE 
morphology having some small cracks inside the monolith. The development of cracks is 
possibly caused by the high crosslinking ratio and, therefore, stress-induction during 
polymerization. In order to obtain homogenous polyHIPE morphologies and the highest 
mechanical properties 60 vol.-% of DVB as crosslinker was chosen.  
An overall emulsion volume of 50 mL per batch was prepared. During the mixing of the 
organic continuous phase and the addition of the aqueous phase to the continuous phase 
the stirring rate was kept constant at 400 rpm. The organic continuous phase represented 
20 vol.-% (10 mL) of the total emulsion volume in the case of HIPEs, containing 20 vol.-% 
monomer (ST, 2 mL), 60 vol.-% crosslinker (DVB, 6 mL) and 20 vol.-% surfactant (2 mL) with 
respect to the organic phase. In the case of using a surfactant mixture, 1 mL of the liquid 
component (Hypermer 2296) and 0.5 g of the paste-like component (Hypermer B246sf or 
Arlacel P135) were used. The oil-soluble initiator AIBN (2 mol.-%) was initially dissolved in 
the organic phase, then, the surfactant and afterwards the aqueous phase was added. The 
latter contained 0.04 mol/L CaCl2 ∙ 2 H2O as electrolyte. The aqueous phase represents 
80 vol.-% in the case of HIPEs (40 mL) and was added drop-wise to the organic phase using 
an addition rate of approximately 13 mL/min. Once all of the aqueous phase was added, 
the stirring rate was increased to 2000 rpm for 2 minutes to create a viscous homogeneous 
HIPE (1st generation polymer foams). 
After emulsification the emulsions were poured into poly(propylene) (PP) centrifuge 
(Sterilin, Sterilin Ltd., Newport, U.K., 50 mL) tubes, capped and heated at 70 °C for 24 hours 
in a convection oven (LTE OP100-MF, LTE Scientific Ltd., Greenfield, U.K.). The polymer 
monoliths were removed from the centrifuge tubes by cutting the tubes and carefully 
removing the fragments of the tube. The polymer monoliths obtained were purified as 
described in detail below. 
Purification and Drying of Polymer Foams 
The polymer foams discussed in Chapter 0 were purified after polymerization in order to 
remove residual compounds, e.g. unreacted monomers and surfactants. The water-filled 
polymer foams were immersed in 250 ml deionized water and methanol (MeOH) for 
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24 hours each at room temperature and subsequently dried until constant weight in a 
convection oven (LTE OP100-MF, LTE Scientific Ltd., Greenfield, U.K.) at 100 °C. More details 
regarding the influence of purification and drying on the resulting polymer foams can be 
found in the Supplementary Information 6.7.  
3.5. Characterization of Emulsion Templates 
Determination of Emulsion Type 
Two methods were used in order to determine the emulsion type. Firstly, a droplet of a 
freshly prepared emulsion was immersed in the corresponding aqueous or oil phase. As 
these results are sometimes not clear, water and oil-soluble dyes, methylene blue (Fluka) 
and 4,4'-azoxyanisol (Aldrich), respectively, were added to the surface of an emulsion 
droplet. Spreading of the dye indicates the external phase and, therefore, the type of 
emulsion (w/o or o/w). 
Characterization of Emulsion Morphology − Optical Microscopy 
Freshly prepared emulsions were investigated by optical microscopy (Olympus BH2, 
Olympus U.K., Essex, U.K.). Images were taken using a digital camera (DP70, Olympus U.K., 
Essex, U.K.) connected to the microscope and the software Olympus Image Analysis 
Software (Olympus U.K., Essex, U.K.). An emulsion droplet was placed on a microscope 
slide, which was cleaned using water and acetone and covered using a microscope cover in 
order to prevent evaporation of the organic phase. In another example the cleaned 
microscope slides were silanized in order to change the wettability of the slides. For this, 
the microscope slides were placed into a petri-dish and a droplet of dichlorodimethylsilane 
(Sigma-Aldrich Company Ltd., Dorset, U.K.) was placed next to the slides and covered using 
another petri-dish. After five minutes the microscope slides were hydrophobic and used 
immediately for optical microscopy investigations of the prepared emulsions.  
3.6. Characterization of Polymer Foams 
All polyL/M/HIPE monoliths of approximately 120 mm in length and 25 mm in diameter 
(Figure 18) were divided into five specimens, having each a height of approximately 10 mm 
indicated by the specimen number as shown in Figure 18. The specimens for SEM, 
compression tests and determination of densities were selected and labelled as shown in 
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Figure 18. The specimen position which is indicated by the numbers is important for the 
consideration of pore size distribution, foam densities and mechanical properties. The 
properties could change within a monolith when droplet sedimentation (higher density of 
aqueous phase, Stoke’s Equation 1) or for example surfactant sedimentation occur, thereby, 
changing the resulting physical properties of the polyL/M/HIPE at the bottom of the 
monolith compared to its top. More details, regarding the change in morphology, pore size 
distribution, densities and mechanical properties within a monolith, can be found in the 
Supplementary Information 6.5. 
 
Figure 18: Definition of sample specimens from the resulting polymer foam monolith used for 
various characterizations throughout this thesis. 
Determination of Polymer Foam Morphology and Pore Size Diameters via 
Scanning Electron Microscopy (SEM) 
To investigate the internal porous structure of emulsion templated polymer foams, images 
of fracture surfaces were taken using scanning electron microscopy (Hitachi Science 
Systems, S-3400N VP SEM). Approximately 1 cm3 of each sample was ﬁxed to a sample 
holder using a carbon black sticker. The sample was then placed inside an Emitech 550 
(Emitech Ltd, Ashford, U.K. or alternatively Scan coat six, Edwards Ltd., Crawley, U.K.) and 
subsequently gold coated in argon atmosphere for 120 s at an electrical current of 20 mA to 
achieve the necessary electrical conductivity. The thickness of the gold coating was 
approximately 15 nm. SEM images were taken at an operating accelerating voltage of 20 kV 
at a working distance of approximately 10 mm and an emission current of approximately 
1.2 mA. SEM images were analysed using the software imagetool (freeware from 
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UTHSCSA). At least 200 pore diameters were measured in order to determine a statistically 
significant average pore size and distribution. However, one should note that the average 
pore diameters are underestimated, as during fracturing of the samples the pores do not 
necessarily break at the equatorial level. The equatorial diameter of the pore (de) and the 
measured value at any other level than the equatorial level (d) can be correlated by 
considering the distance (h) from the centre (equatorial level). The probability that the 
breaking of pores takes place at any distance (h) away from the centre (equatorial) is the 
same for all values of h, so the average probability value of h = de/2. It holds h2 = de2-d2 and 
results in a final correction factor of de/d = 2/(31/2). Multiplication of the measured average 
pore diameters with this correction factor allows a more accurate value of pore diameters 
to be obtained [397] . 
Various Mean (Droplet and) Pore Size Diameters 
Valuable information can be obtained from the droplet sizes in emulsions and the pore sizes 
in the resulting polymer foams. The droplet size and its distribution are the key parameters 
determining the kinetics of emulsion destabilization and the change from emulsion 
template toward the polymer foam. The droplet size distribution can be seen as the 
fingerprint of an emulsion. A number of studies have been performed in which the droplet 
size distribution of emulsions was determined using microscopy, light scattering, Coulter 
counting, turbidimetry and Nuclear Magnetic Resonance (NMR) spectroscopy [19].  
The resulting pore sizes and distributions within the emulsion templated polymer foams are 
important parameters, which influence the physical properties of the polymer foams, e.g. 
the mechanical properties. Both values are a measure for the emulsion template process 
and the influence of varying process parameters. Additionally, it is commonly stated that 
‘the pore sizes is the replica of the emulsion template’, however, this is only true with 
respect to the gel-point of the polymerization [398]. This sometimes suggests that no 
change of droplet sizes of the initial emulsion template occurs during polymerization [13, 
261] and that the resulting polymer foam can be tailored by controlling the droplet size via 
adjusting the HIPE stability or the temperature during emulsification, mixing speed and 
mixing time [140]. In this matter droplet and pore sizes are assumed to be identical [13, 
261]. However, also differences between droplet sizes and pore sizes have been observed 
[258, 273] but there are no further comments. As all emulsions are metastable, larger pore 
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sizes can be generally expected than observed via microscopy investigation of the (initial) 
original emulsion droplet template [98] caused by the time which is required to obtain a 
solid polymer foam. The following questions arise; what are the initial droplet sizes in the 
emulsion template; how can the droplet sizes in an emulsion template be reproducibly 
controlled during the process; how does the droplet size changes with time and how 
reliable are microscopy investigations for determining the initial droplet size (more details 
can be found in Chapter 4.1.3)? Generally, it can be assumed that the droplet size will 
change during the polymerization process, because of ‘emulsion instabilities’ which might 
be further influenced by elevated temperatures being necessary for the initiation of the 
polymerization process (at least in the case of thermal radical polymerization). Hereby, the 
increased polymerization temperature might accelerate the change in droplet sizes and 
resulting pore sizes. Richez et al. [11] found that the resulting pore sizes increase with 
increasing polymerization temperature due to higher thermic convections. This does not 
hold for samples prepared in this thesis at hand as the gel-point is faster reached at higher 
temperatures and, therefore, smaller pore sizes were obtained (Supplementary Information 
6.6.1). However, the change of the initial droplet sizes of the emulsion template during the 
polymerization process to yield in eventually pores is not known. Moreover, one should 
note that a common error occurs when data for droplet/pore sizes are presented in the 
literature; it is not always clear whether the size is reported as a diameter (d) or as any 
other mean. Depending on which method is used for determination the droplet/pore sizes, 
different average values can be obtained [47]. This results in misleading interpretations of 
data reported in the literature. Therefore, a short summary about different commonly used 
size diameters is given in Table 10. Additionally, various other methods can be used for 
determining pore sizes in macroporous polymer foams e.g. from gas adsorption, intrusion 
porosimetry, as well as mercury and gas permeability. However, these methods are 
sometimes misleading and do not describe the real pore size distribution as the limiting 
interconnecting pore throat diameter can falsify the pore sizes [50]. Moreover, the various 
named methods allow only for the determination of defined size ranges, such as for BET 
analysis (2-360) nm and for mercury intrusion analysis in 3 nm to 600 µm. Optical 
microscopy or SEM investigations of the emulsions or polymer foams, respectively, provide 
usually diameters (d); the arithmetic mean (number length, d10) describes the average 
maximum of the droplet/pore size distribution.  
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Table 10:  Definitions for various ‘average’ mean droplet/pore diameters used to characterize 
emulsions and porous materials [47, 399].  
Indicated diameter 
Sy
m
b
o
l 
Description 
Discrete 
distribution 
Continuous 
distribution 
For 
example 
obtained 
by 
Mode 
d0 
 
Diameter associated with the 
maximum number of counted 
species in a distribution. 
d at maximum ni --- --- 
Arithmetic mean 
(number length) 
d10 
 
The sum of all diameters 
divided by the total number of 
counted species. 
∑ 𝑑∆𝑁
∑ ∆𝑁
 2
∫ 𝑎𝑝(𝑎)𝑑𝑎
∫ 𝑝(𝑎)𝑑𝑎
 
Ruler, 
caliper 
Surface mean 
(number surface 
mean d of average 
surface) 
d20 
 
The diameter of a hypothetical 
counted species having 
average surface area. 
(
∑ 𝑑2∆𝑁
∑ ∆𝑁
)
1/2
 2 (
∫ 𝑎2𝑝(𝑎)𝑑𝑎
∫ 𝑝(𝑎)𝑑𝑎
)
1/2
 
Image 
analysis, 
area 
Volume mean 
(number volume 
mean d of average 
volume(mass)) 
d30 
 
The diameter of a hypothetical 
counted species having 
average volume or mass. 
 
(
∑ 𝑑3∆𝑁
∑ ∆𝑁
)
1/3
 
 
2 (
∫ 𝑎3𝑝(𝑎)𝑑𝑎
∫ 𝑝(𝑎)𝑑𝑎
)
1/3
 
Technique 
like 
electrozone 
sensing 
Surface volume 
mean 
(Sauter diameter, 
surface mean) 
d32 
 
The average diameter based 
on unit surface area of a 
counted species. 
∑ 𝑑3∆𝑁
∑ 𝑑2∆𝑁
 2
∫ 𝑎3𝑝(𝑎)𝑑𝑎
∫ 𝑎2𝑝(𝑎)𝑑𝑎
 
Laser 
diffraction 
Volume mean 
diameter (mass) 
d43 
 
The average diameter based 
on the unit volume (mass) of a 
of counted species. 
4 3/i i i in d n d   --- --- 
For the characterization of the width of pore size distributions, the standard Gaussian 
equation does not fit very well. Mathematical studies on solid grinding [400] and turbulent 
emulsification [399, 401] reported that break-up sequences of solid fragments or drops 
results in log-normal uni-modal distributions as defined in Equation 12. Usually, the pore 
size distributions of the resulting polymer foams are not symmetric but skewed (Figure 19). 
A log-normal droplet/pore size distribution can be expected for emulsions made in closed 
vessels when agitation is turbulent and isotropic. As seen in Figure 19, the log normal 
distribution provides a good description of pore size distribution for polymer foams 
prepared via emulsion templating. 
𝑃(𝑑) =
𝐴
𝑑∙𝑤∙√2𝜋
∙ exp (−
(ln 𝑑−ln 𝑑0)
2
2𝑤2
)    Equation 10 
Equation 10 represent the equation used to describe the pore size distribution in Figure 19, 
where P(d) represents the density of the distribution function, A is a normalizing factor, d 
the droplet/pore diameter, d0 the diameter median and w the geometric standard 
deviation of the distribution, which can also be considered to be a measure of the width of 
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the size distribution. The logarithmic-normal equation was used for the characterization of 
the width of pore size distributions as it fits to all samples and, therefore, can be used to 
compare easily the pore sizes distribution of various polymer foams. Furthermore, the log-
normal distribution has the unique property that the number, weight and area distribution 
have the same form and the same standard deviation. Moreover, it has only two fitting 
parameters which make it convenient for modelling purposes. However, log-normality is 
not observed for emulsion mixtures, e.g. Ref. [242], as they may exhibit multimodal 
distributions or for emulsions prepared using anisotropic agitation (i.e. emulsification of 
liquids with strongly dissimilar viscosity in closed vessels). In this case an alternative 
distribution function must be adopted empirically. 
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Figure 19: Comparison of pore size counting via SEM and log-normal distribution function 
(Equation 10) of a polyHIPE, at least 200 pores were counted. The sum of all counts is 
equal to 1. 
Density and Porosity of Macroporous Polymer Foams 
Density measurements were performed using a helium pycnometer (AccuPyc 1330, 
Micrometrics Ltd, Dunstable, U.K.). The samples were mechanically powdered using a 
grinder and weighed, then placed into the measuring chamber of the pycnometer which 
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has a known volume. Helium is then introduced through a valve and its volume measured. 
As a result, the pressure in the cell will fall to an intermediate value. The polymer matrix 
density (ρm) can then be calculated according to (ASTM D6226) 
𝜌m =
𝑚s
𝑉c−(𝑉exp (
𝑝1G
𝑝2G
)−1⁄ )
     , Equation 11 
where ms is the sample mass, Vc the cell volume, Vexp the expanded helium volume, p1G the 
initial pressure in the sample chamber and p2G the decreased pressure in the sample 
chamber.  
The envelope or foam density and porosity of the sample were measured using an envelope 
density analyser (GeoPyc 1360, Micrometrics Ltd, Limited, Dunstable, U.K.). The GeoPyc 
determines the external (envelope) sample volume by measuring how far a plunger can be 
driven by a stepping motor into a cylinder containing a displacement fluid (DryFlow®, 
comprised of graphite lubricated glass spheres of ∼ 130 µm) and the sample so that the 
internal pores are considered to be part of the sample. Every sample that was investigated 
consisted of three polymer foam pieces, each was measured ten times and the obtained 
volumes were finally averaged. By subtracting the sample material volume, determined by 
using the helium pycnometer (which does not consider open pores to be part of the sample 
volume), the total pore volume can be determined. The overall volume (Vp+m) consists of 
pore volume (Vp) and matrix volume (Vm): 
𝑉p+m = 𝑉p + 𝑉m     . Equation 12 
The envelope density or foam density (ρf) is related to sample weight (ms) and overall 
volume (Vp+m): 
𝜌f =
𝑚s
𝑉p+m
     . Equation 13 
The porosity (P) can be calculated using the measured matrix density (ρm) and foam density 
(ρf): 
𝑃 = (1 −
𝜌f
𝜌m
) ∙ 100 %     . Equation 14 
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Mechanical Properties of Polymer Foams 
Compression tests were performed using a universal Lloyds machine (EZ50, Lloyds 
Instruments Ltd, Fareham, U.K.) with a 50 kN load cell to investigate the mechanical 
properties. In all cases at least three test specimens were prepared from each polymer 
foam, which were 10 mm in height (h) and about 26 mm in diameter (d, in the case the 
polymer foams did not shrink) and accurately determined using a caliper prior testing. Care 
was taken to ensure that the sample surfaces were parallel and a pre-load of 0.01 kN was 
applied to a specimen in order to provide initial contact. A further load was applied at a 
testing speed of 1 mm/min until the samples either experience brittle failure or a 
displacement of half the sample height was reached. The minimum load resolution of the 
used load cell was 0.1 mN. The data were analysed using the software Origin 7.5G 
(OriginLab Cooperation, Northampton, MA, U.S.A.). 
Surface Area Measurements (BET) of Polymer Foams 
The surface area of the polymer foams was determined by measured nitrogen adsorption 
isotherms at 77 K applying the Brunauer-Emmet-Teller (BET) model. The measurements 
were performed using a surface area analyser (Tristar3000, Micrometrics Ltd, Dunstable, 
U.K.). Before performing the gas adsorption experiments, adsorbed impurities were 
removed via a ‘degassing’ step. Approximately, 0.2 mg (about 1 cm3) of each polyHIPE was 
placed inside a glass sample cell and degassed overnight (heating temperature of 120 °C). 
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4. EXPERIMENTAL RESULTS AND DISCUSSION 
4.1. Influence of Surfactants on M/HIPE Stability, the Resulting Morphology 
and the Mechanical Properties of polyM/HIPEs 
Classical HIPE formulations normally result in highly porous polymer foams with low foam 
densities (lightweight materials, polyHIPEs); however, they also result in polymer foams with 
poor mechanical properties. Therefore, it is desired to enhance the mechanical performance 
for specific applications while retaining the unique porous morphology. A simple approach 
to enhance the mechanical properties is to decrease the internal phase ratio of the emulsion 
template (to medium and low internal phase emulsions; M/LIPEs) thereby increasing the 
foam density [49]. However, there are two problems with this approach: the lower emulsion 
stability of M/LIPEs compared to HIPEs and the decreased porosity of the resulting 
polyM/LIPEs which is not preferred in every case. It is more preferred to obtain highly 
porous polymer foams with high gas permeability and superior mechanical properties.  
Although it is commonly expected that M/LIPEs are easier to prepare than HIPEs because 
their internal phase ratios are lower than the critical phase volume fraction (Φ*), M/LIPEs 
tend to be less stable than HIPEs for several reasons. The dispersed droplets in L/MIPEs are 
more mobile and the droplets can sediment quickly because the emulsion viscosity is low, 
and less hydrodynamic interdroplet interactions occur between the droplets. The relatively 
high mobility of the droplets and the possible presence of less dense arranged surfactant 
films around the droplets in M/LIPEs result in the quick destabilization of the emulsion 
template, which finally causes phase separation of the two immiscible liquids. Then, no 
polymer foam can be obtained. In contrast, if the internal phase volume fraction is high (in 
HIPEs Φ > Φ*) and polyhedral deformation of the dispersed droplets without phase 
inversion occurs, the emulsion template stability increases. The droplet packing is then more 
efficient and stronger interdroplet interactions (i.e., a higher emulsion viscosity) between 
the droplets occur. The hydrodynamic interdroplet interactions of densely packed dispersed 
droplets restrict sedimentation, and dense surfactant films restrict coalescence/coarsening 
and may allow the polymerization of the emulsion template without any phase separation. 
Nevertheless, not every ‘stable’ emulsion template will result in solid polymer foam 
(polyM/LIPEs) with a defined porous structure after the polymerization process. The nature 
of the surfactant used determines the emulsion formation and the retention of the emulsion 
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template morphology during the polymerization process. It is advantageous to be able to 
use a higher internal phase volume ratio (H/M/LIPEs) for emulsion templating to design 
materials with better mechanical properties, through retention of the desired unique, 
porous polyHIPE morphology. Therefore, suitable surfactants need to be identified for 
M/LIPEs that have higher internal phase volume ratios. However, the selection of suitable 
surfactant-monomer combinations is not yet well understood, and is a science in itself. Most 
of the known emulsions in the polyHIPEs field are stabilized using the surfactant sorbitan (Z)-
mono-9-octadecenoate (Span 80), and usually contain at least one benzylic compound (ST or 
DVB, see Chapters 2.6.1 and 2.6.3). In 1991 Williams et al. investigated the influence of 
various surfactants and co-surfactants (mainly sorbitan oleates and nonylphenyloxyethylene 
alcohols) in w/ST-DVB emulsions, and discovered that Span 80 was the best choice out of 
the surfactants they investigated [141]. Since then, Span 80 has mainly been used for the 
preparation and polymerization of HIPEs. It is clear that large numbers of new systems have 
not been developed because of the lack of theoretical predictions of suitable surfactant-
monomer combinations and the excessively complex screening efforts required to identify 
new emulsion template formulations (compare Table 2 and Table 3). Furthermore, it can be 
assumed that benzylic compounds play an important role in stabilizing emulsion templates 
containing various monomers (controlling the overall polarity of the monomers). From 
experience, if the emulsion template cannot be stabilized solely by the chosen surfactant–
monomer combination (e.g., the polarity of the organic phase differs markedly from the 
standard ST–DVB-HIPE), the addition of a benzylic compound often stabilizes the system, 
which can be then polymerized to form a porous polymer foam. This suggests that the 
benzylic compound interacts with the surfactant(s) in a way that allows stable and 
polymerizable emulsion templates to be formed (see e.g. Ref. [171]). This is one explanation 
of why most of the reviewed w/o-emulsion template systems that use Span 80 as surfactant 
contain ST or DVB and why only a few w/o-formulations that do not contain any benzylic 
compounds are known (compare Chapters 2.6.1 and 2.6.3). However, the mechanisms 
behind, and the reasons for why benzylic compounds are being required are still unclear. 
Unfortunately, benzylic compounds cannot fulfil all of the requirements of a range of 
different applications because the resulting polymer foams are quite chalky and brittle. Also, 
the most commonly used surfactant, Span 80, is thought not to be the best choice for 
stabilizing emulsion templates resulting in polymer foams because polymer foams formed 
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using Span 80 have poorer mechanical (handling) properties than polymer foams formed 
using other surfactants [49]. A full understanding of the interactions of surfactants, and 
surfactant mixtures in particular, with the emulsion template interface, and the ability to 
predict suitable surfactant–monomer combinations, is still lacking, but is necessary so that 
optimized emulsion templated polymer foams for specific applications can be prepared 
without the need for extensive screening. Furthermore, the impact of the surfactant(s) on 
the foam morphology and, particularly, on the mechanical properties of the polymer foams 
produced has not yet been investigated. Therefore, to start fundamental research, high and 
medium internal phase emulsions (HIPEs and MIPEs) stabilized using different surfactants 
(Table 11 and Table 12) were prepared in this study. The continuous organic phase of the 
emulsion template contained 20 vol.-% ST and 60 vol.-% DVB monomer phase and 20 vol.-% 
surfactant(s). Surfactants were selected from the Hypermer series (Hypermer 2296, 
Hypermer B246sf, Hypermer 1083 and the replacement product Arlacel P135) and were 
compared with the well-known surfactant Span 80.  
Table 11:  Compositions of the investigated emulsion templates. 
Sample Name 
Aqueous 
phase, 
CaCl2 
0.04 mol/L 
[vol.-%] [a] 
Organic 
phase 
volume  
[vol.-%] [a] 
Organic phase 
composition 
ST–DVB-Surfactant 
[vol.-%] [b] 
Surfactant(s) 
Hypermer 2296 
-M
IP
E
 
50 50 20/60/20 Hypermer 2296 
Hypermer B246sf 50 50 20/60/10 wt.-% Hypermer B246sf 
Arlacel P135 50 50 20/60/10 wt.-% Arlacel P135 
Span 80 50 50 20/60/20 Span 80 
Hypermer 1083 50 50 20/60/20 Hypermer 1083 
Hypermer 
B246sf/Hypermer 2296 
(BM) 
50 50 20/60/5 wt.-% & 10 Hypermer B246sf/2296 
Arlacel P135/Hypermer 
2296 (AM) 
50 50 20/60/5 wt.-% & 10 
Hypermer 2296/Arlacel 
P135 
Span 80 
-H
IP
E 
80 20 20/60/20 Span 80 
Hypermer 2296 80 20 20/60/20 Hypermer 2296 
Hypermer 1083 80 20 20/60/20 Hypermer 1083 
Hypermer B246sf 80 20 20/60/10 wt.-% Hypermer B246sf 
Arlacel P135 80 20 20/60/10 wt.-% Arlacel P135 
Hypermer 
B246sf/Hypermer 2296 
(BM) 
80 20 20/60/5 wt.-% & 10 Hypermer B246sf/2296 
Arlacel P135/Hypermer 
2296 (AM) 
80 20 20/60/5 wt.-% & 10 
Hypermer 2296/Arlacel 
P135 
[a] Volume with respect to the total volume of the emulsion. 
[b] Volume with respect to the organic phase or as wt.-% in the case of the paste-like surfactants Arlacel 
P135 and Hypermer B246sf.  
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Surfactants from the Hypermer series seem to be promising candidates for the stabilization 
of w/o-emulsions surviving the polymerization process (from a previous surfactant 
screening). Additionally, selected surfactants of the Hypermer series have already been 
used in the past (e.g., [198, 211, 244, 402]). The internal aqueous phase was 50 vol.-% of the 
total emulsion volume for MIPEs and 80 vol.-% for HIPEs. The aqueous phase contained 
0.04 mol/L CaCl2·2 H2O, as an electrolyte, to enhance the emulsion stability. The 
polymerization of the emulsion templates was initiated using 2 mol-% oil-soluble AIBN (with 
respect to the organic monomer phase). The emulsion template formulations that were 
used are summarized in Table 11. These templates were characterized in terms of emulsion 
stability, morphology and emulsion type. The resulting polyH/MIPEs were characterized in 
terms of polymer foam morphology and their mechanical properties. Although the technical 
surfactants of the Hypermer series are promising candidates for stabilizing w/o-emulsion 
templates, their chemical compositions and molecular structures are not known. It is, 
therefore, difficult to predict the impact of the different surfactants used on the emulsion 
templates formed. The little information that is available, taken from the manufacturer’s 
data sheets, is summarized in Table 12. No information on the chemical structure/nature 
and content of the often used Hypermer 2296 is available at all. The technical surfactants 
may contain different isomers and oligomers. Therefore, the surfactants were characterized 
using FT-IR, 1H-NMR, 13C{1H}-NMR, 13C-DEPT135-NMR, MALDI-TOF and ESI-MS 
spectrometry. The analysis of the surfactants can be also used to verify that the technical 
surfactants received were of consistent quality (quality control, QC). 
4.1.1. Chemical Characterization of the Surfactants Used to Stabilize 
Emulsion Templates 
Commercially available technical surfactants are generally mixtures because they are made 
from mixed chain length feedstocks (e.g., oleic, stearic and linoleic acids) and because the 
synthesis processes may result in a mixture of isomers (the proposed synthesis processes 
are shown in Figure 72 and Figure 74 in the Supplementary Information 6.2). Purifying the 
surfactants would normally be prohibitively expensive. Additionally, Shinoda et al. [403] 
demonstrated that the dispersed phase is less able to be solubilized into the continuous 
phase in emulsions stabilized with purified non-ionic poly(ethylene oxide) containing 
surfactants than in emulsions made with surfactants that have the same average 
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hydrocarbon chain length but an poly(ethylene oxide) chain size distribution. Mixtures of 
non-ionic surfactants, therefore, give synergistic effects, possibly resulting in stronger 
interfacial films at the interface, increasing the emulsion stability. 
Table 12:  Information on the surfactants used, trade name, active content, chemical name, 
molecular formula, CAS number, hydrophilic lipophilic balance (HLB) values, molecular 
weight (MW), density and viscosity as stated in Croda International PLC datasheet. The 
chemical structure can be found in the Experimental Section (Figure 16). 
Surfactant/ 
trade 
name 
Supplier 
A
ct
iv
it
y 
co
n
te
n
t 
[%
] 
Chemical name 
Molecular formula 
[CAS number] 
Hydrophilic–
lipophilic 
balance - 
HLB 
Molecular 
weight 
MW 
[g/mol] 
D
e
n
si
ty
 ρ
 
[g
/c
m
3 ]
 
V
is
co
si
ty
 η
 
[P
a·
s]
 
Span 80 
Sigma 
Aldrich 
(Dorset, 
U.K.), TM of 
Croda 
--- 
Sorbitan (Z)-mono-9-
octadecenoate 
C18H34O2 x C6H10O4 
[1338-43-8] 
4–4.3 428.6 
 0.986 
– 
0.994 
1.2–2 
Hypermer 
2296 
Croda 
(Wilton, 
U.K.) 
> 76 
Blend of polyisobutylene 
succinic anhydride 
(PIBSA, C8H10O3), and 
sorbitan ester [392] 
Chemical structure not 
published 
[187041-94-7] 
4.5–5.5 --- 0.975 
1–1.3 
(25 °C) 
Hypermer 
1083 
> 97 
Poly(ethylene oxide)-10-
hydroxy octadecanoic 
acid block copolymer 
(C18H36O3 x C2H4O)n 
[439089-33-5] 
4.3–5 --- --- --- 
Arlacel 
P135 
100 
Poly(ethylene oxide)-di-
12-hydroxy 
octadecanoic 
acid block copolymer 
(C18H36O3 x ½ (C2H4O))n 
[827596-80-5] 
[Deleted: 439612-67-6 
and 450335-73-6] 
6 ∼5000 --- >10 
Hypermer 
B246sf 
Croda (New 
Castle, US) 
100 
Poly(ethylene oxide)-di-
12-hydroxy 
octadecanoic 
acid block copolymer 
(C18H36O3 x C2H4O)n 
[827596-80-5] 
6 ∼5000 0.974 >10 
FT-IR Investigations of the Surfactants 
Since the chemical structures of the surfactants used are not provided by the companies, 
the surfactants were initially characterized by FT-IR absorption spectroscopy (Figure 20). The 
proposed chemical structures of the surfactants are shown in Figure 16, Chapter 3.2. The FT-
IR spectrum of Span 80 is shown in Figure 21 and can easily be compared with data provided 
by Sigma Aldrich. The spectrum is comparable to the literature spectrum, but the band at 
𝜈 = 3600 cm−1 (-OH) is very small which may be an indication of the presence of the sodium 
salt of Span 80 (alkoxide). The chemical structure and nature of Hypermer 2296 is unknown, 
but it is supposed to be a blend of poly(isobutylene succinic anhydride) (PIBSA) and sorbitan 
ester [392] and, therefore, its spectrum should be very similar to that of Span 80, which is 
not the case. 
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Figure 20:  FT-IR spectra of Span 80 [?̃?/cm–1]: 721, 1079, 1184 (C-O), 1472 (CH3), 1742 (C=O), 2859 
(CH), 2929 (CH), 3426 (broad, OH); Hypermer 2296 [?̃?/cm–1]: 714 (weak), 1223 (C-O), 
1377 (CH3), 1741 (cyclic ketone, C=O), 2859 (CH), 2932 (CH), 2977 (CH), 3023 (shoulder), 
3450 (weak, OH); Hypermer 1083 [?̃?/cm–1]: 722, 1092 (C-O-C), 1171 (C-O-C), 1243, 1352 
(weak, CH2), 1378 (CH3), 1465 (CH2), 1737 (C=O), 2853 (CH), 2923 (CH), 3429 (OH); 
Hypermer B246sf and Arlacel P135 [?̃?/cm–1]: 723, 850 (CH2), 968 (C-O-C), 1114 (C-O-C), 
1350 (CH2), 1468 (CH2), 1750 (C=O), 2868 (CH), 2940 (CH). 
A methyl group band at 𝜈 = 1377 cm−1 (CH3) without or with little C-O-C stretching modes at 
𝜈 = 1060 cm−1 to 1150 cm−1 can be assigned for Hypermer 2296. Hypermer 1083 is supposed 
to be a poly(ethylene oxide)–hydroxystearic acid AB-block polymer, while Arlacel P135 and 
Hypermer B246sf are poly(ethylene oxide)–di-hydroxystearic acid ABA-block polymers 
(Table 12, Figure 16). Therefore, Hypermer 1083, Hypermer B246sf and Arlacel P135 should 
have almost identical spectra13. However, only the spectra of Hypermer B246sf and Arlacel 
P135 are identical. The spectra of Span 80 (sorbitan ester) and Hypermer 1083 are very 
similar, therefore these surfactants should have similar chemical structures despite their 
supposedly different chemical composition. 
                                                 
13  Remark: Arlacel P135 is the European equivalent product of Hypermer B246sf which is only available in the 
U.S.A.. 
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NMR-Investigations of Surfactants 
 
 
Figure 21: Summarized 1H-NMR (top) and 13C{1H}-NMR spectra (bottom) of surfactants (AV500 in 
C6D6). Peak assignments can be found in the detailed spectra in Supplementary 
Information 6.2. 
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1H-NMR, 13C{1H}-NMR and 13C-DEPT135 measurements were carried out to determine the 
chemical structures and to identify the differences between the surfactants in more detail. 
The 13C-DEPT135 measurements were used to determine the primary, secondary, tertiary 
and quaternary carbon atoms. The overview 13C-DEPT135 spectrum can be found in the 
Supplementary Information 6.2, Figure 70. Summarized 1H-NMR and 13C{1H}-NMR spectra 
are shown in Figure 21 and more detailed spectra and peak assignments can be found in 
Supplementary Information 6.2. It can be seen that the 1H-NMR and 13C{1H}-NMR spectra 
of Hypermer B246sf and Arlacel P135 are identical (as are their FT-IR spectra). The spectra of 
Span 80, Hypermer 1083 and Hypermer 2296 show some similar features (Figure 21) despite 
the supposedly different chemical composition of the surfactants.  
The NMR spectra of Span 80 confirmed that sorbitan ester is the major component (more 
details are given in Supplementary Information 6.2, Figure 71). However, the sorbitan 
moieties could not be accurately assigned because of the noisiness of the spectra, which is 
an indication that the surfactant is a mixture of different compounds (additives) and that 
isomers  are present (in the following called impurities). Therefore, it is almost impossible to 
identify all of the components or to determine the exact structure of the main compounds. 
This is particularly the case for Hypermer 2296, for which no reliable information is 
available14. The 13C{1H}-NMR spectrum of Span 80 does not contain a peak at ≈ 177 ppm, 
which normally indicates that the sorbitan is covalently attached to the oleic acid side chain 
of the surfactant and that no free acid is present (theoretical values for free acids are: 
13C{1H}-NMR, > 180 ppm; 1H-NMR, > 10 ppm). As already mentioned, Hypermer 2296 is 
supposedly a blend of PIBSA and sorbitan ester, so its spectra should have similarities with 
that of Span 80. These similarities are seen in the Span 80 and Hypermer 2296 spectra. 
However, the Hypermer 2296 spectra also contain additional peaks with lower intensity 
(Figure 22 and Figure 23). The additional chemical shifts in the 1H-NMR spectrum at 
0.65 ppm to 1.00 ppm (PIBSA terminal -CH3, (C12)), 1.11 ppm (-CH3, (C10)) and 1.41 ppm 
(-CH2, (C5,8,11)) can be assigned to PIBSA (Figure 22). By comparing the intensities of the 
spectra, it can be stated that a sorbitan ester moiety rather than PIBSA is the main 
component of Hypermer 2296 (Figure 23).  
                                                 
14  Purification of the surfactants using gel permation chromatography with THF as mobile phase (THF-GPC) 
failed. 
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Figure 22:  Comparison of 1H-NMR spectra of Hypermer 2296 (black) and Span 80 (red). The 
spectra are identical except for three additional peaks (marked with asterisks) in the 
Hypermer 2296 spectrum, at 0.90 ppm (PIBSA terminal -CH3, C12), 1.11 ppm (-CH3, C10) 
and 1.41 ppm (-CH2, C5,8,11). The chemical structure provided in the figure is one of the 
proposed chemical structures for PIBSA and sorbitan ester (R). In this case the 
‘anhydride’ of PIBSA is a diacid ester compound, because this is chemically preferable. 
 
Figure 23: Comparison of the 13C{1H}-NMR spectra of Hypermer 2296 (black) and Span 80 (red), 
with the additional chemical shifts of PIBSA assigned (AV500 in C6D6). Detailed 
assignments can be found in Supplementary Information 6.2. 
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Despite their supposedly different chemical compositions, Hypermer 1083 (poly(ethylene 
oxide)-containing PEO), Hypermer 2296 (a blend of sorbitan ester and PIBSA) and Span 80 
(sorbitan ester) NMR spectra were very similar. The comparison of the spectra of Hypermer 
2296 and Span 80 can be found in Figure 22 and Figure 23, for Hypermer 1083 and Span 80 
in Figure 24. This means that Hypermer 1083 must also contain a sorbitan ester component. 
The similarities in the spectra are probably due to the synthesis process of the surfactants in 
which identical starting materials (e.g., octadecanoic acid (stearic or oleic acid) coupled to 
the head group of the surfactant (PEO or sorbitan)) are used to synthesize the above named 
surfactants (Supplementary Information 6.2, Figure 72 and Figure 74). 
 
Figure 24:  Comparison of the 1H-NMR spectra of Hypermer 1083 (black) and Span 80 (red). Both 
compounds are almost identical (AV500 in C6D6). Detailed peak assignments can be 
found in Supplementary Information 6.2. 
The PEO unit of Hypermer 1083 can be identified clearly in the 1H-NMR spectrum (Figure 24) 
at 3.45 ppm (PEO, CH2) and in the 13C{1H}-NMR spectrum at 69.4 ppm–70.7 ppm (noisy, 
PEO CH2). The RCOOR chemical shift (13C{1H}-NMR, 173 ppm, quaternary C1) confirms that 
the hydrocarbon chain is covalently attached to the surfactant head group (PEO). 
Furthermore, it seems that the hydrophobic carbon chain of the surfactant, which is 
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supposed to be 10-hydroxy octadecanoic acid, had not completely reacted, and the starting 
material (possibly octadecenoic acid (oleic acid)) is still present; a double bonded moiety is 
indicated in the 13C{1H}-NMR spectrum at 130 ppm (Figure 76)15. The double bonded 
moieties in the hydrocarbon chain, in contrast to the proposed hydroxyl moiety, were also 
confirmed in the 1H-NMR spectra, at 1.85 ppm and 5.10 ppm (Figure 24). 
 
Figure 25:  Comparison of the 1H-NMR spectra of Hypermer 1083 (black, AV500 C6D6) and Arlacel 
P135 (red, AV400 in CDCl3).  
Arlacel P135 and Hypermer B246sf are paste-like surfactants with identical NMR spectra 
(see Supplementary Information 6.2). The sorbitan ester compound that was found in Span 
80, Hypermer 2296 and Hypermer 1083 was not found in Arlacel P135 or Hypermer B246sf 
(Figure 25, in the 1H-NMR spectra a chemical shift of 3.6 ppm–5.2 ppm for sorbitan ester), 
which was also found for Hypermer 1083 As can be seen in Figure 25, the double bond 
moiety in the hydrocarbon chain was not found in Arlacel P135 (or Hypermer B246sf). The 
proposed 10-hydroxy octadecanoic acid side chains could be confirmed (1H-NMR at 1.4 
ppm, -OH). It can be seen, by comparing the intensities in Figure 25, that the ratio of the 
PEO units is larger for Arlacel P135 (or Hypermer B246sf) than for Hypermer 1083. 
                                                 
15  This chemical shift occurred also if chloroform as solvent for the NMR investigations was used. However, in 
chloroform a fast precipitation of the surfactant occurred and benzene was therefore chosen. 
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MALDI-TOF- and ESI-Mass Spectrometry Investigations of the Surfactants 
The surfactants were further characterized using matrix-assisted laser desorption ionization 
time of flight (MALDI-TOF) mass spectrometry and electrospray ionization mass 
spectrometry (ESI-MS) to determine their average molecular weights (complete 
spectrograms can be found in Supplementary Information 6.3). Both MS methods are so-
called ‘soft methods’ because almost no fragmentation occurs, meaning that the molecular 
weight of the unfragmented molecules can be determined. Because the surfactants were 
expected to contain only covalently bonded chemical moieties, which cannot easily 
dissociate during MALDI-TOF-MS measurements, dissociation of the surfactant molecules 
was unlikely. The mass to charge ratios (m/z) are, therefore, equal to the molecular weight, 
because MALDI-TOF-MS ions are almost always single charged [M+H]+, where M represents 
the molecule, H represents hydrogen and, therefore, z = 1. However, most of the fragments 
are increased by a molecular weight of 23 (alkoxide) because sodium ions for improved 
ionization behaviour, were added to the samples. 
ESI-MS measurements are generally more suitable for the characterization of small 
molecular weight compounds and impurities (m/z < 500), but are less suitable for high 
molecular weight compounds which can be characterized using MALDI-TOF-MS (m/z > 500). 
However, ESI-MS measurements can be used to identify the impurities in high molecular 
weight technical surfactant samples. ESI-MS spectrograms are only provided here for the 
sake of completeness and for the detection of low molecular weight impurities. The low 
molecular weight impurities appear to be quite important in stabilizing emulsion templates 
and may explain the morphological results and mechanical properties of the polymer foams 
obtained. This will be discussed in more detail below. The molecular weights stated by the 
supplier, the highest detectable m/z fragments (in brackets), the main m/z fragments, the 
average molecular weights of the surfactants determined by MALDI-TOF-MS and/or ESI-MS 
and the calculated PEO head units are summarized in Table 13. The results from both MS 
methods are compared in the Table 13. In general, co-polymers can exhibit very complex 
mass spectrograms because of their poly-dispersity. Coupling the MS instruments with HPLC 
or GC is highly recommended [404]. Because the molecular weight of Span 80 is known and 
MALDI-TOF-MS was used for molecules with m/z > 500 only ESI measurements were carried 
out for Span 80.   
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Table 13:  Summary of the molecular weights (MW) stated by Croda International PLC, the m/z 
ratios detected using MALDI-TOF-MS and ESI-MS, the determined average molecular 
weights (MW) of the surfactants and the calculated number of poly(ethylene oxide) 
(PEO) head units per surfactant molecule. 
 
MW stated 
by Croda 
[g/mol] 
MALDI-TOF-MS 
m/z 
(max signal)* 
ESI-MS m/z 
(max signal)* 
Average MW 
[g/mol] ** 
PEO head 
units *** 
Span 80 428.6 --- 
451, 716, 862, 
980 (1144) 
429, 451(Na+) No PEO 
Hypermer 2296 --- 1244 (1408) 
1156  
(1420 and 1690) 
833 No PEO 
Hypermer 1083 --- 2041 (2606) 1144 2041 40–52 
Arlacel P135 ~5000 1971 (5125) 904 (1086) 1867 30–103 
Hypermer B246sf ~5000 2022 (4047) 1086 2022 32–78 
*  The highest detectable signal is given in brackets. 
** For PEO-containing surfactants (Hypermer 1083, Hypermer B246sf and Arlacel P135), only the 
maximum average molecular weight from the Gaussian distribution is stated, because the relative 
intensities (areas) of the low m/z impurities are negligible compared to the relative intensity of the area 
under the Gaussian distribution. The assumed molecular weight is, therefore, the peak with the highest 
intensity in the Gaussian distribution. For Span 80, the peak with the highest m/z ratio was chosen to 
determine the average molecular weight (MW̅̅ ̅̅ ̅). The average molecular weight of Hypermer 2296 was 
calculated by summing the relative intensities (fi) multiplied by the molecular weights (MW), assuming 
that all components had the same cationization possibilities. 
MW̅̅ ̅̅ ̅ = ∑ 𝑓𝑖 ∙ MW𝑖𝑖       with       𝑓𝑖 =
𝐼
𝐼max
  Equation 15 
where I is the relative intensity of the respective m/z ratio determined from the mass spectrogram and 
Imax is the maximum intensity of the main peak. 
***  The number of PEO head units was calculated from the difference between the molecular weights of 
the head group (PEO unit = 44 g/mol) and the tail group. The tail carbon chains had molecular weights 
of 268 g/mol for Hypermer 1083 and 572 g/mol for Hypermer B246sf and Arlacel P135. 
The Span 80 mass spectrogram indicated the presence of a mixture of mono-, di- and tri-
substituted sorbitan esters (Figure 26). There were peaks at m/z = 451.3 (the sodium salt of 
the sorbitan monoester), m/z = 467.3 (the potassium salt of the sorbitan monoester), 
m/z = 715.5 (intensity 33 %; sodium sorbitan diester) and a small peak at m/z = 978.8 
(intensity 2 %; sodium sorbitan triester). Therefore, Span 80 is not the often stated mono-
oleate rather a multi-substituted sorbitan oleate, because the differences between the 
fragments, m/z = 264, is equivalent to C18H33O (the hydrophobic side chain). As expected, 
the ESI mass spectrogram of Span 80 and Hypermer 2296 were similar (compare Figure 26 
with Figure 27). The main peak-to-peak distance in both is m/z = 264. It is not possible to 
assign the PIBSA fragments accurately. 
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Figure 26:  An example of an ESI mass spectrogram of Span 80. The m/z signals, their relative 
intensities (in brackets) and the mass span of the main peak areas are indicated. 
The ESI-MS spectrogram of Hypermer 2296 is shown as an example in Figure 27. It can easily 
be compared to the MALDI-TOF MS spectrogram of Hypermer 2296 (Figure 28). It can be 
seen by comparing the two mass spectrograms that the intensities at low m/z are lower in 
the MALDI-TOF mass spectrogram. The MALDI-TOF-MS discriminates low molecular weight 
compounds but reveals more information than the ESI-MS spectrogram, because the three 
main area peaks can be clearly identified. These main area peaks have the same pattern and 
the same peak-to-peak distance, m/z = 264, and are, therefore, an indication of a possible 
oligomerization of Span 80. The peak-to-peak distance is the same as for Span 80 (C18H33O, 
hydrophobic side chain). The highest m/z detectable signal for Hypermer 2296 that has a 
significant relative intensity in the MALDI-TOF-MS-spectrogram is at m/z = 1244, and a small 
peak with a low relative intensity is at m/z = 1408 (Figure 28). The molecular weight of 
Hypermer 2296 was calculated taking the relative intensities of the spectrogram into 
account (Equation 15, footnote of Table 13) and was found to be 833 g/mol. The small 
molecule impurities cannot be neglected in this case.  
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Figure 27:  An example of an ESI spectrogram of Hypermer 2296. The m/z-signals, their relative 
intensities (in brackets) and the mass span of the main peak areas are indicated. 
 
Figure 28:  Example of a MALDI-TOF-MS spectrogram of Hypermer 2296. The m/z-signals, their 
relative intensities (in brackets) and the mass span of the main peak areas are 
indicated. Other spectrograms can be found in Supplementary Information 6.3. 
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From the MALDI-TOF and ESI-MS measurements it is clear that Hypermer 2296 is a sorbitan 
ester compound. The hypothesis proposed from the FT-IR and NMR investigations that the 
industrial production processes for these surfactants (esterification of RCOOH and ROH, 
Figure 72 and Figure 74) are quite similar can be confirmed because the MALDI-TOF 
spectrograms of Hypermer 2296 and Hypermer 1083 (see Supplementary Information 6.3) 
are very similar at low m/z ratios. Additionally, for Hypermer 1083 a typical Gaussian 
distribution and a serie of m/z fragments with an interval of m/z = 44 between adjacent 
peaks were observed. This mass interval corresponds to C2H4O units (PEO) of the head 
groups of Hypermer 1083. The Gaussian distribution maximum, m/z = 2041 (MALDI-TOF), is 
assumed to be the average molecular weight of Hypermer 1083. 
Since Hypermer 1083 is an AB-block polymer of the ABA-block polymer (A stands for the 
hydrophobic chain moiety and B for the hydrophilic head moiety of the surfactant) of 
Hypermer B246sf and Arlacel P135, it is interesting that Hypermer B246sf and Arlacel P135 
had peaks at lower m/z ratios that are less intense than the Gaussian distribution m/z range. 
This means that Hypermer B246sf and Arlacel P135 are purer than Hypermer 1083 with 
respect to the low molecular weight impurities and compared to the main PEO compound. 
Arlacel P135 and Hypermer B246sf are PEO containing surfactants that do not contain any 
sorbitan ester compounds. The highest detectable peak for Hypermer B246sf was at 
m/z = 4047, but its intensity was low. The Gaussian distribution maximum is assumed to be 
the average molecular weight of each surfactant. The molecular weight at the Gaussian 
distribution maximum was determined to be 2041 g/mol for Hypermer B246sf. The highest 
detectable signal for Arlacel P135 was at m/z = 5125, and the Gaussian distribution 
maximum at m/z = 1971. Data sheets provided by Croda International PLC state a molecular 
weight of 5000 g/mol for both Hypermer B246sf and Arlacel P135. Ageing, such as 
autoxidation and decomposition could be a reason for the discrepancy between the stated 
and experimentally determined molecular weights [405].  
To conclude, the low molecular weight impurities in the Hypermer 1083 and Hypermer 2296 
surfactants are very similar to those found in Span 80. This was not expected because the 
chemical composition of Hypermer 2296 was unknown and Hypermer 1083 was thought to 
be a different class of surfactant (PEO-containing surfactants). This may be relevant because 
this could be an explanation why the surfactants in the emulsion templates give very similar 
adsorption behaviour (inferred from IFT measurements, Chapter 4.1.2), resulting emulsion 
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morphology and stability as also resulting polymer foam morphology (see Chapter 4.1.3). 
The similarities in the mass spectrograms of Hypermer 2296 and Hypermer 1083 are 
probably caused by having similar synthesis processes (see Supplementary Information, 
Figure 72 and Figure 74) and the sorbitan ester moiety present in both surfactants. Span 80 
is not the often stated sorbitan mono-oleate rather a di-, tri- and tetra-substitution. 
Hypermer 2296 was concluded to be a blend of sorbitan ester and possibly PIBSA, with an 
average molecular weight of 833 g/mol (detected by mass spectrometry). Furthermore, no 
PEO moieties were identified in Hypermer 2296. No further conclusions can be made 
because no information was provided by the supplier. Hypermer 1083 is not the proposed 
AB-block polymer of PEO-10-hydroxy octadecanoic acid, but a mixture of sorbitan ester and 
PEO-octadecenoic acid, with an average molecular weight of 2041 g/mol. Hypermer B246sf 
and Arlacel P135 seem to be the purest surfactants which contain almost no impurities, such 
as those found in Hypermer 1083 and Hypermer 2296. Furthermore, the typical sorbitan 
ester compound detected in Hypermer 2296 and Hypermer 1083 were not present in 
Hypermer B246sf or Arlacel P135; their hydrophobic side chain seems to be the proposed 
10-hydroxy octadecanoic acid. The proposed chemical structures of Hypermer B246sf and 
Arlacel P135, PEO containing ABA-block polymers, can be confirmed. They have average 
molecular weights of 2022 g/mol and 1867 g/mol, respectively. There are more PEO units in 
Hypermer B246sf and Arlacel P135 than in Hypermer 1083.  
4.1.2. Surface Tension, Interfacial Tension and Adsorption Isotherms 
This chapter presents the results of the surface tension (SFT) and interfacial tension (IFT) 
measurements of the above-mentioned surfactants via pendant drop measurements, 
including a qualitative discussion of the similarities and differences of the surfactants. The 
critical micelle concentration (CMC) is an important parameter for many practical 
applications, such as calculation of the minimum surfactant concentration that is required 
for stabilizing an emulsion template, optimization and scale-up of the emulsion templating 
process. SFT/IFT measurements can also be used as a quality control parameter for 
surfactants and surfactant mixtures. A summary of the measured surface tensions against 
air for the investigated surfactants is presented in Table 14 along with the densities of the 
used phases, because density has a strong influence on the determination of accurate 
interfacial/surface tension values via the pendant drop method (see Chapter 2.4). Notably, 
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SFTs of all of the aqueous solutions were nearly equal (Table 14), which indicates that the 
electrolyte does not significantly reduce the surface tension of water. In the literature, the 
SFT of styrene versus air has been given as γ = 34.0 mN/m, and for divinylbenzene, a slightly 
lower value of γ = 32.4 mN/m has been reported [406]. A 1:3 mixture of ST:DVB resulted in a 
SFT of γ = (31.4 ± 0.1) mN/m (shape factor B = 0.65). The surfactants Span 80, Hypermer 
2296 and Hypermer 1083 had surface tensions of approximately γ = 29 mN/m. 
Table 14:  Measured densities (ρ) and surface tensions (SFT, γ) of the investigated phases and the 
drop shape parameter (B) obtained by the pendant drop analysis. 
Sample measured versus air 
ρ[g/cm3] 
at (20.00 ± 0.01) °C  
(Δρ± 0.0001 g/cm3) [a] 
SFT γ  
[mN/m]  
at (20 ± 1)°C 
Shape 
factor B 
Deionised water 0.9979 72.3 ± 1.1 (Theor: 72.8) 0.58 
0.04 mol/L CaCl2 1.0017 71.3 ± 0.7 0.59 
0.50 mol/L CaCl2 1.0422 73.2 ± 0.6 0.60 
Pure 1:3 ST-DVB 0.9164 31.4 ± 0.1 0.65 
Pure Span 80 0.9919 (Theor. 0.994) 29.0 ± 1.4 0.62 
Pure Hypermer 2296 0.9737 29.6 ± 0.2 0.68 
Pure Hypermer 1083 0.9836 29.0 ± 0.1 0.64 
Pure Hypermer B246sf 0.9740 ---  ---  
20 vol.-% 1083 in 1:3 ST-DVB 0.9317 26.5 ± 0.3 0.66 
10 vol.-% 1083 in 1:3 ST-DVB 0.9190 --- --- 
20 vol.-% 1083 in pure ST  0.9260 22.6 ± 0.1 0.67 
20 vol.-% 1083 in pure DVB  0.9337 21.5 ± 0.2 0.67 
20 vol.-% Span 80 in 1:3 ST-DVB 0.9304 24.3 ± 0.5 0.67 
20 vol.-% 2296 in 1:3 ST-DVB  0.9262 29.8 ± 2.0 0.65 
10 wt.-% B246sf in 1:3 ST-DVB 0.9251 30.8 ± 0.2 0.65 
15 wt.-% BM in 1:3 ST-DVB [b] 0.9240 30.3 ± 1.0 0.65 
10 wt.-% Arlacel P135 in 1:3 ST-DVB  0.9251 29.8 ± 0.3 0.65 
15 wt.-% AM in 1:3 ST-DVB [b] --- 27.7 ± 1.1 0.66 
Standard ST-DVB HIPE stabilized using 20 
vol.-% Hypermer 1083 and containing as 
internal phase 80 vol.-% of 0.04 mol/L 
aqueous CaCl2 solution. 
0.9797 25.4 ± 0.1 0.67 
[a] Measured with Anton Paar Density DMA 5000M  
[b] BM is a 1:2 surfactant mixture of Hypermer B246sf and Hypermer 2296, respectively.  
AM is a 1:2 surfactant mixture of Arlacel P135 and Hypermer 2296.  
For the paste-like and, therefore, highly viscous surfactants Arlacel P135 and Hypermer 
B246sf the determination of the SFT and density was not possible. The surface tensions (vs. 
air) of a 1:3 mixture of ST-DVB with various concentrations of dissolved surfactants are not 
dramatically reduced compared to the pure 1:3 ST:DVB mixture, even at a high surfactant 
concentration (20 vol.-% with respect to the oil phase). The determined surface tensions are 
in the range between that of the pure organic phase and the pure surfactant phase. Similar 
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results were earlier obtained for sorbitan surfactants [407]. This behaviour is expected 
because of the non-polar nature of the (non-ionic) surfactant when measuring the SFT of an 
oil solution against a non-polar air interface. However, the surface tension measurements 
were expected to provide insights into the amount of polar components in the various 
surfactants. The slightly reduced surface tensions of Span 80 and Hypermer 1083 may 
indicate short-chain polar impurities within the surfactant sample but the amounts are too 
small to significantly affect the measured values.  
Dependence of the Interfacial Tension (IFT) on the Surfactant Concentration 
(Gibbs Adsorption Isotherm) 
Emulsion templates typically contain an electrolyte for enhancing the emulsion stability; 
however, in the literature, there are conflicting reports regarding the influence of the 
electrolyte on SFT/IFT. Therefore, in order to develop a formulation that would be as similar 
as possible to that of the emulsion templates required, the influence of the amount of 
electrolyte on SFT/IFT was determined. Finally an aqueous solution of CaCl2 was used 
instead of deionized water for the interfacial tension measurements because the CaCl2 
solution was used in the preparation of the emulsion templates investigated in this study. 
Generally for high surfactant concentrations, no differences in the measured IFT were 
observed when measuring the IFT either against deionized water or aqueous CaCl2 solutions 
(0.04 mol/L or 0.50 mol/L). More details can be found in the Supplementary Information 
6.4. Moreover, the use of CaCl2 solutions resulted in better shape parameter (B) which is 
necessary for reliable SFT/IFT measurements. The interfacial tension (IFT) of the pure oil 
phase (1:3 mixture of ST:DVB) was measured against an aqueous solution of 0.04 mol/L 
CaCl2 using the standing drop method and resulted in an IFT of γ0 = 30.3 ± 0.8 mN/m; 
B = 0.5. All measurements were carried out at a temperature of (20 ± 1) °C. The results of 
the IFT measurements at various surfactant concentrations are presented in Table 15. The 
CMC values for the different surfactant solutions were determined from the plots of 
interfacial tension versus Iog10(c) using the average molecular weights as determined from 
the MS studies (Table 13). In Figure 29, the interfacial tensions of selected organic-
surfactant solutions versus a 0.04 mol/L aqueous CaCl2 solution are presented as a function 
of the surfactant concentration in [mol/L]. For the sake of completeness, the interfacial 
tensions of the various organic-surfactant solutions are presented in the Supplementary 
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Information 6.4 as a function of the surfactant amount with respect to the organic phase in 
weight percentage [wt.-%] because usually the molecular weights of technical surfactants 
are unknown and, therefore, weight percentages are commonly used16. The intersection of 
the Gibbs adsorption isotherm with the constant IFT value at high surfactant concentrations 
is equal to the CMC. For all studied surfactants, the surface excess concentrations (Γmax) 
were determined from the initial slope at the CMC and are shown in Table 15. When Γmax is 
known, the area per surfactant molecule at the interface Amol (at CMC) can be calculated. It 
is rather difficult to compare these various technical surfactants with each other since they 
are complex mixtures. However, as these surfactants work well for the preparation and 
stabilization of polymerizable emulsion templates and in order to obtain better 
understanding, a qualitative discussion of the similarities and differences is given below. As 
seen in Figure 29, the interfacial tension decreases from γ0, the interfacial tension value for 
the surfactant-free oil/water interface, with increasing surfactant concentration until the 
CMC is reached (approx. 1 wt.-%) afterwards the interfacial tension remains constant. This 
means that the adsorption of the surfactant molecules at the w/o-interface can be 
described by the Gibbs adsorption isotherm (Equation 4). The IFTs as a function of 
concentration of the sorbitan ester surfactants Span 80 and Hypermer 2296 as also the AB-
block polymer Hypermer 1083 are shown together in Figure 29a because of their chemical 
similarities as indicated by their analytical patterns (the FT-IR, NMR and MS measurements 
show the presence of a sorbitan ester compound in these surfactant samples). In Figure 
29b, the IFTs as function of concentration for the surfactants with PEO head groups are 
shown together; Hypermer 1083 is a PEO-containing AB-block polymer and Hypermer 
B246sf and Arlacel P135 ABA-block polymers (see Table 7 or Table 12 and Figure 16). The 
surfactant Arlacel P135 appears to be an exception as it shows an unusual IFT behaviour (no 
simple Gibbs adsorption isotherm is applicable, Figure 29b). Measurements of the solutions 
containing Arlacel 135 were repeated three times from fresh stock-solutions and were 
shown to be reproducible. In Figure 29c, the results of the 1:2 surfactant mixture of 
Hypermer B246sf/Hypermer 2296 (BM) and Arlacel P135/Hypermer 2296 (AM) were 
compared to the single surfactant Hypermer 2296 (the main component of the mixture).  
                                                 
16  Note that the weight percentage [wt.-%] and also the surfactant concentration [mol/L] refer to the initial 
surfactant concentration in the oil phase, which is equal to the total surfactant concentration in the 
system. This concentration does not take into account the potential partition of the surfactant into the 
aqueous phase. 
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Figure 29:  Interfacial tension as a function of surfactant concentration measured against an 
aqueous 0.04 mol/L CaCl2 solution. The surfactant (stated in the legend) was dissolved 
in a 1:3 mixture of ST:DVB. AM is a 1:2 mixture of Arlacel P135:Hypermer 2296 and BM 
is a 1:2 mixture of Hypermer B246sf:Hypermer 2296. The lines are guides to the eye. 
(a) 
(c) 
(b) 
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Figure 30:  Interfacial tension as a function of surfactant concentration measured against an 
aqueous 0.04 mol/L CaCl2 solution. The surfactant (stated in the legend) was dissolved 
in a 1:3 mixture of ST:DVB. AM is a 1:2 mixture of Arlacel P135:Hypermer 2296 and BM 
is a 1:2 mixture of Hypermer B246sf:Hypermer 2296. The lines are guides to the eye. 
The behaviour of the IFT of Arlacel P135 and Hypermer B246sf should be identical because 
of they have the same chemical composition, which was confirmed by FT-IR and NMR 
investigations (see Chapter 4.1.1), however, this assumption is not consistent with the 
differences observed in the IFT data.  
For comparison, Figure 30 shows the IFT behaviour of the surfactant mixtures (AM/BM) 
compared with that of the single components. The experimental results are summarized in 
Table 15. The IFT as function of the surfactant concentration of Span 80 and Hypermer 2296 
follows a similar trend in curve and hence they have the same CMC at approximately 
0.016 mol/L (Figure 29a, cCMC ≈ 1 wt.-%). The minor compound PIBSA in Hypermer 2296 does 
(a) 
(b) 
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not significantly affect the IFT although it is known that small changes in the surfactant 
composition can have significant effects on the interfacial behaviour [408-410]. In the case 
of Hypermer 1083, a smaller amount of surfactant is required to reach the CMC 
(cCMC = 0.003 mol/L) compared with Hypermer 2296 and Span 80 (Figure 29a). This 
observation indicates that Hypermer 1083 has a higher interfacial activity because the plots 
of IFT versus weight percentage [wt.-%] show the same CMC for all three surfactants (see 
Supplementary Information 6.2). Interestingly, despite the different chemical composition 
of Hypermer 1083 (an AB-block polymer having a double bond in the side chain and sorbitan 
ester compound in the composition) and Hypermer B246sf (only an ABA-block polymer 
having a hydroxyl moiety in the side chain without any sorbitan ester compound), almost no 
differences are observed between them in the IFT as function of surfactant concentration 
plots until the CMC of Hypermer 1083 is reached (Figure 29b). After this point, the IFT for 
Hypermer 1083 remains constant, whereas the IFT of Hypermer B246sf decreases further. 
Arlacel P135 is the exception, as mentioned previously, but it also shows ultra-low 
interfacial tensions at high surfactant concentrations (Figure 29b). It is worth repeating that 
for the ABA-block polymer surfactants (Arlacel P135 and Hypermer B246sf), which are 
nominally the same, the dependencies of the IFT on surfactant concentration are different; 
and the effect of decreasing the interfacial tension is not as strong for Hypermer B246sf as 
for Arlacel P135 (Figure 29b). This discrepancy was also observed for the surfactant mixtures 
(Figure 30); the mixture of Hypermer B246sf/2296 (BM) behaves like the single surfactant 
Hypermer 2296 over the concentration range of (0.01 to 0.001) mol/L and like the single 
surfactant Hypermer B246sf outside this concentration range (in particular the ultra-low IFT 
seen at high surfactant concentrations, Figure 30a). On the other hand, the mixture AM 
resembles more closely to Hypermer 2296 and shows the expected evolution of the IFT as 
function of surfactant concentration (Gibbs adsorption isotherm) although Arlacel P135 is 
present (Figure 30b). For AM, the CMC dramatically shifted to lower values as compared to 
BM (Figure 29c). This indicates that small changes in the surfactant composition do have 
significant effects. The higher amount of PEO-units could be the reason why ultra-low 
interfacial tensions are observed for Arlacel P135 and Hypermer B246sf as both water and 
oil phases are perfectly mediated by these surfactants. Larger PEO head group units are 
supposed to decrease the solubility of surfactant in the organic phase since the head groups 
are highly polar and, therefore, this tendency results in a better adsorption of the surfactant 
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molecules at the water-oil interphase. However, this would not explain the similarity of 
Hypermer 1083 and Hypermer B246sf (especially considering the NMR results), since 
Hypermer B246sf is the ABA block polymer of Hypermer 1083 (AB block polymer) and the 
PEO units are less in the latter case. Additionally, for Hypermer 1083 a sorbitan ester 
compound was observed, whereas no sorbitan ester compound was detected for Hypermer 
B246sf and Arlacel P135. It is possible that small molecular weight ‘impurities’ have different 
physico-chemical properties than the ‘main’ surfactant compound. For example, the small 
molecular weight impurities have a higher surface activity than the ‘main’ surfactant and 
could adsorb more quickly and strongly at the interface and thereby saturate the interface 
first. In this case, the interfacial properties are mainly determined by the small molecular 
weight impurities superimposing the properties of the main surfactant compound which is 
also present at the interface. This effect could explain the similarity between Hypermer 
1083 and Hypermer B246sf. Furthermore, the absence of low molecular weight impurities 
can be one of the reasons why a considerable difference is observed in the shape of the IFT 
curve of Arlacel P135 compared to what was expected from the classical Gibbs adsorption 
isotherm, or in particular when compared to the supposedly identical Hypermer B246sf. As 
a further example, the higher surface activity of Hypermer 2296 and possible synergistic 
effects between both surfactants in the AM mixture resulted in an evolution of the IFT 
versus the surfactant concentration, which was more similar to the behaviour of Hypermer 
2296 even though Arlacel P135 was present in the AM-surfactant mixture. In order to better 
understand the observed IFT behaviour of the investigated technical surfactants it would be 
necessary to separately analyse all of the present compounds17. However, it is possible to 
compare the IFT of Span 80 dissolved in benzylic oil phases versus aliphatic oil phases, which 
was reported by Peltonen et al. [407, 411]. The IFT versus water was determined for 
different sorbitan esters (Span 20, 40, 60, 80) dissolved in oil phases ranging from pentane 
(C5H12) to dodecane (C12H26) [411]. These studies assist in the comparison of the results 
obtained here, and to understand the impact of the chemical structure of the surfactants 
and the influence of the different organic phases (aliphatic and benzylic) on the IFT. The cCMC 
for Span 80 dissolved in different solvents ranging from pentane to dodecane measured 
against water was almost constant in a range of cCMC = (1.7 - 1.9) · 10−5 mol/L [411] and far 
                                                 
17  The purification of the surfactants via gel permation chromatography, where the mobile phase was 
tetrahydrofurane (THF-GPC), was not successful. 
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lower than of Span 80 in a ST-DVB mixture (1.6 · 10−2 mol/L, 1 wt.-%) (Table 15). This is an 
indication that the adsorption of Span 80 surfactant in ST/DVB at the aqueous interface is 
not favoured, suggesting that Span 80 is better dissolved in benzylic than in aliphatic oils 
(less interfacially active). This is also true for Hypermer 2296 mainly reasoned by the same 
chemical composition of the sorbitan ester compound.  
Table 15: Interfacial tension (IFT) of a 1:3 mixture of ST:DVB containing various surfactants 
measured against an aqueous 0.04 mol/L CaCl2 solution. The IFT of the pure oil phase 
(γ), IFT at the critical micelle concentration (γCMC, cCMC) and the surface pressure (πS = γ0 -
 γCMC) as determined from the plots are listed. The cCMC is stated in [mol/L] and [wt.-%]. 
The surface excess concentration (Γmax) was obtained by fitting the Gibbs isotherm using 
Equation 4 to the measured data and the minimal surfactant area (Amol) calculated 
using Equation 5. 
In 1:3 ST:DVB vs. 0.04 
mol/L CaCl2 
γ 
 [
m
N
/m
] 
γ C
M
C
 [
m
N
/m
] 
π
S 
[m
N
/m
] 
cCMC 
[mol/L]  
cCMC 
[wt.-%] 
Γmax 
[10-6 mol/m2] 
Amol [10-20 m2] [b]  
Span 80 in octane vs. 
deionized water [411] 
--- 20.2 31.5 1.9∙10-5 --- --- 35 
Span 80 30.3 3.1 27.2 0.017 0.8 1.40 119 ± 7 
Hypermer 2296 30.3 2.8 27.5 0.015 0.8 1.80 92 ± 24 
Hypermer 1083 30.3 2.8 27.5 0.003 0.6 1.59 105 ± 7 
Hypermer B246sf 30.3 0.2 30.1 0.005[a] 1.1 1.57 105 ± 25 
Arlacel P135 30.3 0.1 30.2 0.020[a,c] 8.4[c]  2.93 57 ± 23 
BM 30.3 0.2 30.1 0.017[a,c] 1.5 1.04 160 ± 25 
AM 30.3 1.0 29.3 0.002[c] 0.1[c] 1.62 102 ± 19 
[a]  Determined via intersection from the fitting of Gibbs isotherm at γ= 0 mN/m. 
[b]  The unit 10−20 m2 is equal to Å2. 
[c]  Due to the unusual behaviour, the cCMC can be only approximated from the IFT plots (Figure 29 and Figure 30). 
The higher molecular weight PEO-containing surfactant Hypermer 1083 is similar in its 
adsorption behaviour to the sorbitan ester-containing surfactants (Span 80 and Hypermer 
2296) but has a lower CMC of cCMC = 0.003 mol/L. Therefore, Hypermer 1083 is more 
effective in reducing the IFT than Span 80 or Hypermer 2296. For the ABA-block polymer 
surfactants (Hypermer B246sf and Arlacel P135), the cCMC cannot be easily determined 
(γ = 0; c(surf.) = 0.02 mol/L, Figure 29b) from the measurements because these surfactants 
produced ultra-low interfacial tensions at high surfactant concentrations. The larger PEO-
containing head group units in Arlacel P135 and Hypermer B246sf result in a stronger 
adsorption of the surfactant molecules at the interface and possibly even partitioning 
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slightly into the aqueous phase. Strong partitioning of the surfactant into the water phase 
with subsequent micellization and micelle formation in the oil phase decreases the 
availability of the surfactant at the interface. Hence, the effective surfactant concentration 
at the interface is decreased, the CMC increases. It seems that the surfactants Hypermer 
B246sf and Arlacel P135 combine highly polar and non-polar moieties within one surfactant 
molecule and that they act as a perfect mediator between both phases. The surfactant 
molecules are entangled at the interface and mutual solubilization (spontaneous 
emulsification, microemulsions) occurs, which results in an ultra-low interfacial tension at 
γCMC [412]. Interestingly, the surfactant mixtures behave differently compared to the 
individual compounds. The Arlacel P135/Hypermer 2296 mixture (AM) had a low CMC 
(cCMC = 0.001 mol/L), whereas the Hypermer B246sf/2296 mixture (BM) a higher CMC 
(cCMC = 0.036 mol/L), although Hypermer 2296 (cCMC = 0.015 mol/L) is the main compound in 
both mixtures.  
The surface pressure (πCMC) describes how effectively the surfactant reduces the IFT. The 
ability to reduce the IFT of the oil phase versus the aqueous phase is similar for Span 80, 
Hypermer 2296 and Hypermer 1083 with an average value of πCMC = (27 - 28) mN/m and a 
slightly higher value of (29 - 30) mN/m for Hypermer B246sf and Arlacel P135 (as both these 
surfactants resulted in very low IFT values). Considering IFT data for sorbitan esters in 
aliphatic oil phases, the ability of the series of surfactants presented by Peltonen et al. [411] 
to reduce the IFT is higher than those in this study. For example, values in the range of 
πCMC = (34 - 30) mN/m [411] were found, depending on the aliphatic oil phase used (C5H12 to 
C12H26). Furthermore, in the same study, the IFT (γCMC) at cCMC for sorbitan ester surfactants 
increased as the carbon chain length of the alkane solvents increased from pentane to 
dodecane (γCMC = 14 mN/m up to 22 mN/m) [411]. In the present study, when dissolving 
Span 80 in ST-DVB, the interfacial tension at cCMC is γCMC = 3.3 mN/m, which is much lower 
compared to the values for the aliphatic oil phases used by Peltonen et al. [411]. 
Nevertheless, the ability of Span 80 to reduce the interfacial tension is higher in the case of 
aliphatic oils versus water but lower γCMC values are obtained for benzylic systems (e.g. 
ST:DVB). This means that e.g. Span 80 is a less effective surfactant in ST:DVB (reducing πCMC), 
possibly caused by a higher solubility of the surfactant in ST:DVB than in aliphatic oils, but 
causes a lower IFT at the CMC. Low interfacial tension (γCMC) means that the creation of new 
interface requires less energy [15] and that the water and oil phases are well mediated by 
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the surfactant. Hence, when using Arlacel P135 and Hypermer B246sf as emulsifier one 
would expect that these emulsifiers make the most stable emulsions, as they and their 
mixtures produced ultra-low IFT. However, the effects of the applied surfactant are not only 
limited to decreasing the surface/interfacial tension; they can also change other interfacial 
properties responsible for the stability of colloidal systems, such as partial surface charges 
or interfacial rheology (differences will be presented later).  
The area per surfactant molecule at the interface (Amol, Equation 5) reflects the size of the 
surfactant, which is mainly determined by the dimension of the head group. An even larger 
area per surfactant molecule reflects the extent to which the hydrocarbon phase (oil) is 
inserted between the hydrophobic tails of the surfactants. The more ordered and denser 
the molecular arrangement, due to stronger van der Waals interaction between the 
hydrocarbon chains, the smaller the area per surfactant molecule. Reynold et al. 
determined that a poly(isobutylene succinic anhydride) containing surfactant (PIBSA) 
assumed an area per surfactant molecule of 20 Å2 at a water/hexadecane interface [210, 
409, 413]. Additionally, the areas per as received sorbitan ester surfactants (Span 20 , 40, 
60, 80) in the Peltonen et al. study were in range of Amol = (30 – 40) Å2 [411]. In the case of 
Span 80 in ST:DVB, Amol is approximately three times higher (Table 15) compared to the 
values for aliphatic oil phases presented by Peltonen et al. Hence, Amol for the system Span 
80 in ST:DVB is an indication of a strong intercalation/penetration of the small benzylic 
molecules (the oil phase) between the surfactant molecules arranged at the water/oil-
interface. This would also strengthen the hypothesis that benzylic compounds can influence 
the physico-chemical properties of the surfactant molecules at the water/oil-interface (i.e., 
arrangement and interactions of surfactant molecules) and facilitates the polymerization of 
emulsion templates resulting in the formation of polymer foam monoliths. Furthermore, the 
intercalation of small polymerizable oil molecules at the interface can be one of the reasons 
why benzylic emulsion templates can be polymerized to polymer foams while unsaturated 
aliphatic ones are much more difficult and why benzylic compounds assist in preparing 
stable emulsion templates. Furthermore, the higher and stronger the intercalation of the 
monomers between the surfactant molecules arranged at the water/oil-interface the better 
the surfactant for stabilizing emulsion templates from which polymer foams can be 
synthesized. The stability of the emulsion template during the polymerization process is 
prerequisite for synthesizing porous polymer foams via emulsion templating.  
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To conclude, the IFT values of the specific emulsion formulation used in this study were 
successfully measured. It was found that the commonly used amount of 20 vol.-% surfactant 
with respect to the organic phase is far in excess of what is required and approximately 
1 wt.-% with respect to the organic phase is the minimum required amount of surfactant to 
prepare stable emulsion templates (see details in Table 15). Williams et al. determined in 
the early 1990s that using a surfactant (Span 80) concentration of 10 vol.-% to 20 vol.-% 
with respect to the organic phase produced the best polymer foams with respect to the 
morphology and mechanical properties [213]. Since that time, these values have been 
standard but are not necessary to obtain stable emulsion templates. Furthermore, it has 
been shown that the investigated surfactants, although they are similar in their 
composition, behave differently at the interface, which can be one of the reasons for the 
different emulsion stabilities and morphologies observed (more results will be presented 
later). Furthermore, it turned out that the polymerizable monomers of the organic phase 
(ST:DVB) intercalate between the surfactant molecules at the water-oil-interphase 
(determined from the area per surfactant molecule investigations, Amol). Obviously, this kind 
of intercalation improves the ability of the surfactant to stabilize an emulsion template 
which can withstand the polymerization process. From the results obtained for the 
surfactant mixtures, it can be stated that the higher surface-active component 
predominates the evolution of the IFT as a function of the concentration of surfactant 
mixture. Obviously, the surfactant mixtures do not behave ideally and the influence of pure 
surfactants and surfactant mixtures on the stability of the emulsion template and the 
resulting polymer foam properties will be interesting to observe. As shown later, these 
mixtures are promising with respect to preparing stable emulsion templates over a larger 
range of internal phase volume ratios [50], which is advantageous when aiming to prepare 
tailor-made polymer foams. However, not only the IFT measurements are of interest for 
preparing emulsion templates. The IFT measurements revealed only little insight into the 
water/(surfactant)/oil-interface itself and additional physico-chemical mechanisms need to 
be considered in order to fully understand the impact of the surfactants at the interface and 
the differences between the emulsion template systems (see e.g. Figure 88). Moreover, the 
IFT measurements clearly reveal that a thorough understanding of colloid chemistry is 
important for the prediction of stable and polymerizable emulsion templates.  
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4.1.3. Emulsion Morphology and Stability of (DVB-ST) M/HIPEs 
Standard emulsion templates, stabilized by the surfactants studied above, with two 
different internal phase volume ratios (HIPEs and MIPEs) were prepared and polymerized 
(Table 11) to determine the influence of the surfactants on the emulsion templates. The 
emulsion templates were characterized with respect to a so-called ‘dye-test’ to determine 
the emulsion type (w/o or o/w) and by visual observations (phase separation), emulsion 
stability, emulsion morphology and optical microscopy (morphology). The resulting polymer 
foams are characterized and discussed in Chapter 4.1.4. 
Emulsion Type 
The so-called ‘droplet test’ was used to determine the emulsion type (w/o or o/w) of each of 
the prepared emulsions and to determine whether phase inversion occurred upon 
increasing the internal aqueous phase volume ratio from MIPEs to HIPEs or not. To achieve 
this, an emulsion droplet was placed either in water or an oil phase. A w/o-emulsion droplet 
will not be dispersed in a water phase, but will be dispersed in an oil phase because the 
outer phase of a droplet of the emulsion is miscible with the surrounding oil phase. All 
emulsions except Arlacel P135/Hypermer 2296 (AM) were found to be w/o-emulsions, and 
no evidence for a phase inversion to an o/w-emulsion type was observed with increasing 
internal (aqueous) phase volume ratio (HIPE). However, the droplet test did not give 
satisfactorily clear results for the MIPEs stabilized by the surfactant mixtures because the 
emulsion droplets were not perfectly stable in both of the surrounding phases and were, 
therefore, investigated in more detail. To determine the emulsion type unambiguously, 
water-soluble and oil-soluble dyes (methylene blue and 4,4'-azoxyanisole, respectively) 
were placed on an emulsion droplet (Figure 31). When the emulsion is of o/w-type the 
water-soluble dye will dissolve and spread over the surface of the emulsion droplet 
immediately. The same will happen when an oil-soluble dye is placed on w/o-emulsions. As 
can be seen in Figure 31, the water-soluble blue dye spread over the AM stabilized MIPE 
(Arlacel P135/Hypermer 2296) surface, which did not occur for w/o-MIPEs stabilized by a 
surfactant mixture of Hypermers B246sf and 2296 (BM) or any other individual surfactant 
stabilized emulsion templates. This indicates that for the MIPEs stabilized by AM (Arlacel 
P135/Hypermer 2296) water must be the external phase.  
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Figure 31:  Dye test on MIPEs to determine the emulsion type. The blue dye (methylene blue) is 
water-soluble and, for an ideal w/o-emulsion, will not spread (dissolve) over the 
outer/external oil phase of an w/o-emulsion but the yellow oil-soluble dye (4,4'-
azoxyanisol, bottom, BM; MIPE stabilized by mixture of Hypermer B246sf/2296). For 
MIPEs stabilized by AM (top, Arlacel P135/Hypermer 2296) both colours spread over 
the surface, indicating a ‘non-droplet shaped’ emulsion. Pictures were taken within 5 
min of the dye spreading. The overall droplet of the emulsion was approximately 15 
mm. 
Surprisingly, also the oil-soluble yellow dye did spread over the surface of the AM stabilized 
MIPE droplets. It appears that also the dye test was not satisfactorily clear and the MIPE 
stabilized by AM possess neither pure o/w- nor w/o-type emulsions. This must mean that 
the MIPE stabilized by the Arlacel P135/Hypermer 2296 (AM) surfactant mixture is in a 
transition state in which both phases could be external. 
Emulsion Stability 
Freshly prepared emulsions were transferred into polypropylene centrifuge tubes (PP, 
Fischerbrand, standard polymerization mould) and observed over a period of time. All of the 
HIPEs investigated (containing 80 vol.-% internal phase) were stable, and no significant 
phase separation (sedimentation or creaming) occurred, regardless of the surfactant used. 
The MIPEs (containing 50 vol.-% internal phase), especially the emulsions stabilized using 
Span 80, Hypermer 2296 or Hypermer 1083 surfactants (sorbitan ester-containing 
surfactants), sedimented over time, causing the organic phase to separate above the 
remaining emulsion (Figure 32). The sedimentation is an indication for w/o-emulsion, o/w-
emulsion would cream. 
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Figure 32:  Left: Time-dependent stability of w/ST–DVB-MIPEs expressed as effective internal 
phase volume ratio (MIPE: 50 vol.-% internal phase and 20 vol.-% surfactant, with 
respect to the organic phase). Right: Some representative photos of sedimented MIPEs 
showing the separated organic phase above the emulsion. 
The MIPE stabilized by Span 80 sedimented fastest, and approximately 13 % of the organic 
phase separated in 1 hour at room temperature (Figure 32). The emulsion containing 
Hypermer 2296 sedimented less than the Span 80 stabilized MIPEs, only 5 % of the organic 
phase separated from the Hypermer 2296 stabilized MIPE in 10 hours. The sedimentation of 
the MIPE is classed significant because 20 vol.-% surfactant with respect to the organic 
phase, was used to stabilize the emulsion, which is large in excess and usually causes 
increased viscosity and stability.  
Such sedimentation normally results in a higher internal phase volume ratio of the emulsion 
remaining below the separated organic phase (Figure 32 left), so the packing density of the 
droplets in the remaining emulsion increases and the resulting polymer foam becomes more 
porous. The w/ST-DVB-MIPEs stabilized either by Arlacel P135 or Hypermer B246sf were the 
most stable MIPEs, did not sediment at room temperature (< 1 % sedimentation in 
24 hours) and remained stable for at least a further 60 hours (Figure 32). Emulsion 
sedimentation and other destabilization mechanisms are usually suppressed at such high 
surfactant concentrations (see e.g. HIPEs). This clearly shows that surfactants that are 
suitable for the stabilization of HIPEs are not necessarily suitable for MIPEs. Stable droplet 
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packing in MIPEs is more important for stabilizing the emulsion template and for obtaining 
porous polymer foams by the subsequent polymerization of the MIPE. However, under 
certain circumstances it is possible to prepare stable MIPEs and HIPEs (see Arlacel P135 and 
Hypermer B246sf) using the same surfactants as emulsifier for both systems. In these cases 
the interfacial films (and droplet packing) are well balanced.  
The IFT investigations showed no significant differences between Hypermer 2296 and Span 
80. However, it is clear that small variations in the technical surfactants significantly affect 
the emulsion template. Reynold et al. [409, 410] investigated w/hexadecane HIPEs stabilized 
with a PIBSA surfactant using small angle neutron scattering (SANS). They found that only 
3.2 % of the total amount of the PIBSA surfactant was adsorbed as a flat monolayer at the 
interface, and that was independent of the surfactant loading, but the oil component in the 
emulsions was differently affected by the molecular weight of the PIBSA [410]. The 
remaining surfactant molecules in the organic phase were arranged in micelles containing 
approximately 10 % water. They also performed investigations substituting sorbitan oleate 
(Span 80) surfactants for PIBSA. Introducing sorbitan oleate surfactants produced slightly 
less organized but similar structures, with smaller spherical micelles containing more water. 
Using Span 80, the aqueous–oil droplet interface had a relatively invariant monolayer of 
adsorbed surfactant molecules. The authors stated that the surfactant available as micelles 
in the oil phase played an important role in emulsion stabilization [210, 413] and they later 
called this a typical ‘micelle-stabilized emulsion’ [414, 415]. Although these observations 
were made using hexadecane instead of benzylic compounds, they can explain the results 
obtained here. Span 80 is less able than Hypermer 2296 to stabilize the emulsion interface, 
despite the similar chemical composition of the surfactants. The Span 80 stabilized 
emulsions were less stable possibly because less dense interfacial films were developed 
(Figure 88). This also indicates that slight changes in the surfactant compositions can 
significantly increase the emulsion stability, and that other parameters are also important in 
producing a successful emulsion template, although no differences in the IFT curve shape 
were observed (Figure 29a). Comparison of the often cited hydrophilic–lipophilic balance 
(HLB) value (Table 12) suggests that all of the emulsions should behave similar. However, as 
mentioned earlier, the HLB values do not provide any information on whether an emulsion 
will be stable or not. They only indicate that a particular surfactant may be able to stabilize a 
specific emulsion type (a w/o-emulsion here). Also, the HLB value only applies to pure 
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surfactants. When surfactants contain impurities the HLB value for each component that 
has surfactant properties must also be considered. Therefore, other interaction 
parameters/prediction parameters, such as kinetical parameters, have to be determined 
empirically. 
Morphology of the Emulsions - Optical Microscopy Investigation  
The droplet size in an emulsion is an important parameter that influences the emulsion 
stability. The emulsions were observed using an optical microscope (OM) to determine the 
emulsion morphology and droplet sizes. Microscopic images of a Span 80 stabilized MIPE 
showed an inhomogeneous emulsion structure with small droplets aggregated (flocculated) 
onto larger ones (Figure 33b). The water droplet diameter (d(D)0) ranged from 9 µm to 
30 µm (Table 17). This aggregation can increase the speed of coarsening and/or coalescence 
and the rate of sedimentation (Stoke’s law, Equation 1). From the image, it seems that those 
processes had already started (Figure 33a,b). Once again, the observation of flocculation 
and increased droplet sizes confirms the finding that the interfacial films are less stable in 
Span 80 stabilized emulsions than in the other prepared and investigated emulsions. 
Microscopic examination of MIPEs stabilized by the other surfactants revealed that the 
number of attached droplets was close to zero and that these MIPEs had homogeneous 
structures (Figure 33c–f). Each droplet was spherical and separated from others by a film of 
the continuous phase. The Hypermer 2296 stabilized MIPE had droplet sizes ranging from 
2 µm to 6 µm (Figure 33c). The droplet size ranges determined are summarized in Table 17. 
Hypermer 1083 stabilized MIPEs had smaller droplet sizes, in the range from 
d(D)0 = 3 µm to 4 µm (Figure 33d). The most stable MIPEs, i.e. negligible sedimentation was 
observed, were stabilized by either Arlacel P135 or Hypermer B246sf and had droplet sizes 
ranging from d(D)0 = 1 µm to 10 µm (Figure 33e,f). Droplet size distributions (Chapter 3.5, 
Equation 12) could not be determined because the resolution of the microscope was too 
low and the droplet sizes determined from the images are not completely reliable, which is 
discussed in detail below. Using Hypermer B246sf as emulsifier resulted in a slightly 
different emulsion morphology than observed for Arlacel P135 stabilized MIPEs. This is in 
agreement with the IFT data, which showed differences between these surfactants, even 
though Arlacel P135 is the replacement product for Hypermer B246sf.  
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Figure 33:  Optical microscope images of Span 80, Hypermer 2296, 1083, B246sf, and Arlacel P135 
stabilized w/ST–DVB-MIPEs with an aqueous internal phase volume ratio of 50 vol.-%. 
The MIPEs were imaged on untreated glass slides. 
Mixtures of surfactants are supposed to increase the emulsion stability [131]. Therefore, 
MIPEs stabilized using 20 vol.-% with respect to the organic phase of a 1:2 mixture of Arlacel 
P135 and Hypermer 2296 (AM) or of a Hypermers B246sf and 2296 (BM) mixture were 
prepared and compared (Figure 34). The emulsion viscosities appeared to be lower for these 
MIPEs than for MIPEs stabilized with individual surfactants (Span 80, Hypermer 2296 or 
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Hypermer 1083). Also the emulsion morphologies (Figure 34a,c) were different. Typical 
droplet structures of MIPEs stabilized by BM, on untreated glass slides (a polar surface), 
were developed and showed droplet sizes ranging from d(D)0 = 1 µm - 4 µm (Figure 34a). 
The interaction with the polar glass slide surfaces indicates that the emulsion is of the w/o-
type. 
 
Figure 34:  Influence of optical microscopy sample preparation on emulsion morphology: a) MIPE 
stabilized using 1:2 mixture of Hypermers 2296 and B246sf (BM) on an untreated glass 
slide; b) MIPE stabilized using a 1:2 mixture of Arlacel P135 and Hypermer 2296 (AM), 
where no emulsion droplets can be seen (‘non-droplet shaped’ morphology); and c) an 
AM stabilized MIPE on a silylated (sil.) glass slide. 
The MIPE stabilized using the AM surfactant mixture gave almost no visible droplets on 
untreated glass slides (Figure 34b). Interestingly, silylated microscope slides (a non-polar 
surface) enabled an emulsion structure to be observed for the AM stabilized MIPE (Figure 
34c), indicating that AM stabilized MIPEs are more of the o/w-type. This also shows that the 
microscope slides affect the initial emulsion structure and that the treatment of the glass 
slides is important in observing the real emulsion morphology. Microscopy investigations of 
HIPEs are more difficult because of the high viscosity of HIPEs, casting on the glass slides is 
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the only way of preparing thin emulsion films that can be observed by optical microscopy. 
However, casting might affect the initial/original emulsion morphology because the initial 
droplets are sheared and e.g. might form smaller droplets. 
 
Figure 35:  Optical microscope images of Hypermer 2296 stabilized M/HIPEs: a) initial polyhedral 
deformed droplet morphology of a HIPE; b) edges of the HIPE sample, indicating more 
spherical droplet structures; c) MIPE morphology, with neighbouring, touching 
spherical droplets; and d) spherical separated droplets after diluting the MIPE sample.  
As can be seen in Figure 35a a HIPE stabilized using Hypermer 2296 has polyhedral droplets 
(deformation at the contact areas), but observations at the edges of the emulsion, where 
the HIPE is normally thin enough to be directly investigated by light microscopy, showed 
spherical droplet morphologies (Figure 35b). In contrast, MIPEs generally contain spherical 
droplets, which touch each other but are not being flattened (i.e., the contact areas are 
small, Figure 35c). However, diluting MIPEs produced spherical separated droplets (with no 
contact points, Figure 35d). To conclude, the emulsion preparation and characteristics of the 
microscope slide affect the initial/original droplet size and morphology. Care needs to be 
taken when results, especially droplet size ranges, are extracted from OM images. 
Therefore, no further OM investigations were carried out in this work.  
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4.1.4. Polymer Foam Morphology and Mechanical Properties of poly(DVB-
ST) M/HIPEs 
Any morphology that can be obtained by the polymerization of emulsion templates is of 
interest, depending on what one is looking for and on the intended application of the 
polymer foam. However, it is preferable to obtain an open porous morphology because this 
widens the range of potential applications compared to closed porous morphologies (see 
Chapter 2.9). Furthermore, ordered open porous morphologies should give better 
mechanical properties than non-droplet shaped porous morphologies. It is clear that a 
highly ordered porous structure is the result of a well-defined and droplet-stabilized 
emulsion template, whereas the non-droplet structures are normally the result of 
‘destabilized’ emulsion templates. The non-droplet shaped morphology has another 
drawback, although this morphology and type can also be interesting, in that it is likely to 
give poor reproducibility of tailor-made pore morphologies and mechanical properties of 
the resulting polymer foams. Nevertheless, a good understanding of why each morphology 
is achieved, how to tailor the morphology and how to predict the number and sizes of the 
pores is required. It is interesting how similar but different surfactants (sorbitan esters 
versus PEO-containing surfactants) affect the morphologies and mechanical properties. 
Therefore, freshly prepared emulsions (Table 11) were polymerized at 65 °C in a convection 
oven for 24 hours, then purified and dried. The morphologies of the resulting porous 
network structures were studied using scanning electron microscopy (SEM). The surface 
area, density, porosity and mechanical properties of the samples were characterized and 
compared. All of the polymer foam morphologies obtained from polyHIPEs were the same 
(Figure 36), with no bulk polymer areas (which normally result from unstable emulsion 
templates), closed or non-droplet shaped foam morphologies being produced. This indicates 
that the different surfactants do not have a significant impact on the foam structure of the 
polyHIPEs and clearly strengthen the ‘packing argument’, mentioned earlier, for high 
internal phase ratios in emulsion templates. The packing of the droplets, the polyhedral 
deformation and the overall interfacial film thickness and stability are more important than 
the physico-chemical parameters of the surfactants used at high internal phase volume 
ratios (see Chapter 4.1.2). This is generally the case as long as the surfactants used are able 
to stabilize the HIPE templates.  
4. EXPERIMENTAL RESULTS AND DISCUSSION 
 
110 
 
Figure 36:  Representative SEM images for polyHIPEs produced by the polymerization of HIPEs 
which were stabilized using various surfactants (stated on each image). The overview 
image is representative for all surfactants used, so no particular surfactant is stated. 
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Figure 37:  Characteristic SEM images of poly(DVB-co-ST) MIPEs produced from MIPEs stabilized 
using different surfactants (stated under each image). 
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Table 16:  Morphologies observed for polyHIPEs produced by the polymerization of HIPEs with 
80 vol.-% internal phase and polyMIPEs, which were obtained after polymerization of 
MIPEs with 50 vol.-% internal phase stabilized using different surfactants and surfactant 
mixtures. 
Surfactant(s) used 
Morphology of 
polyHIPE 
Morphology of polyMIPE 
Span 80 open porous open porous and bulk polymer 
Hypermer 2296 open porous open porous 
Hypermer 1083 open porous open porous 
Hypermer B246sf open porous closed porous 
Arlacel P135 open porous open porous 
Arlacel P135/Hypermer 2296 (AM) open porous non-droplet shaped 
Hypermer B246sf and 2296 (BM) open porous open porous 
The morphologies of the polyMIPEs synthesized from MIPE templates stabilized by the 
surfactant and surfactant mixtures studied differed significantly (Figure 37). A short 
overview of the different morphologies observed is provided in Table 16. After 30 minutes 
polymerization, a slight phase separation (emulsion sedimentation) could be seen for the 
MIPEs stabilized by Span 80, indicating, again that the overall emulsion stability was not high 
enough at elevated temperatures to produce homogeneous polyMIPEs. However, the gel-
point was also reached in approximately 30 minutes because the emulsion template 
became highly viscous/solid. As can be seen in Figure 37a,b, the pore structure resulting 
after polymerization of MIPEs stabilized by Span 80 replicates the emulsion template but 
also some areas of pure bulk polymer are visible. The bulk polymers formed in the emulsion 
template and the resulting polymer foam in two possible ways; it could be that the 
dispersed aqueous phase, normally present as droplets, is not randomly distributed 
throughout the emulsion template forming areas where water droplets were concentrated, 
causing areas of pure organic/monomer phase. The second, more likely possibility could be 
that the interfacial forces between the droplets in Span 80 stabilized emulsions are not 
strong enough to efficiently stabilize the droplets (i.e., the film thickness and stability) 
resulting in phase separation caused by droplet coalescence within the emulsion template. 
The second process would mean that organic phase separates during the polymerization 
process but is not able to reach the top of the emulsion template because the gel-point was 
reached faster than the separation can separate. Additionally, the sedimentation and 
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coarsening of the droplets, and the subsequent expulsion of the organic phase, result in 
denser droplet packing and thinner films between the droplets. As a result, macroporous 
polymer foams made from Span 80 stabilized MIPEs had thin inhomogeneous polymer walls 
(Figure 37b), and it can be assumed that these polymer foams are less able to resist 
compression loads, which is of fundamental interest in engineering applications. The MIPE 
stabilized by Hypermer 2296 resulted in a polyMIPE with pores and pore throats but no bulk 
polymer areas were visible (Figure 37c–d). No emulsion destabilization caused by the 
increased temperature during polymerization was detected. Only slight 
separation/sedimentation, seen as a small layer of pure bulk polymer on top of the polymer 
(< 1 mm pure bulk polymer skin) after polymerization, was seen. Furthermore, the typical 
open porous polyHIPE structure developed, so the droplet packing within the emulsion 
template was sufficient and the interfacial films were stable. The observed openness of the 
pores was not expected for the MIPEs because pore throats have, up to now, only been 
expected to develop at the contact areas of neighbouring droplets, which is only reasonably 
caused at high internal phase volumes (HIPEs and polyHIPEs). This is further evidence that 
open porous polyHIPE morphologies can be also obtained from MIPEs [50]. The typical open 
porous polyHIPE morphology is not only a function of the phase volume ratio and the 
deformed contact areas within the emulsion template, as initially stated in Chapter 2.2, but 
also a function of the surfactant component. A Hypermer 2296 stabilized MIPE were much 
more stable compared to Span 80 despite similar IFT results. After polymerization of the 
Hypermer 2296 stabilized MIPE the resulting polyMIPE possessed a more homogeneous 
porous morphology, with visually thicker polymer walls (compare Figure 37b and d). No 
phase separation was visible at all after the polymerization of Hypermer 1083 stabilized 
MIPEs, and the resulting polyMIPE morphology was similar to but less poly-disperse than 
the polyMIPE morphology obtained by polymerization of Hypermer 2296 stabilized MIPEs 
(Figure 37e–f). The Hypermer B246sf surfactant (Figure 37g–h) further increased the MIPE 
stability. Both Hypermer B246sf and Arlacel P135 stabilized MIPEs were perfectly stable. 
However, a closed porous polyMIPE morphology was observed when polymerizing MIPEs 
stabilized by Hypermer B246sf, whereas the Arlacel P135 stabilized MIPEs (Figure 37i–j) 
resulted in the expected, open porous interconnected ‘polyHIPE’ structure. This clearly 
indicates that small changes in the surfactant composition can significantly affect the 
morphology of the polymer foam. FT-IR and NMR analysis indicated that these surfactants 
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were identical, while the IFT measurements revealed significant differences between the 
surfactants, which cannot be further elucidated at the moment. The closed porous 
polyMIPE morphology observed after polymerization of Hypermer B246sf stabilized MIPEs 
were unexpected because a large amount of surfactant was used (20 vol.-% with respect to 
the organic phase, which is in large excess, see Chapter 2.5). Generally, large amounts of 
surfactants used to stabilize emulsion templates cause the formation of open porous or 
even non-droplet shaped morphologies in the resulting polymer foams [213].  
 
Figure 38:  Typical SEM images of polyMIPEs, produced from emulsion templates which were 
stabilized using a mixture of Hypermers 2296 and B246sf (BM, top) and a mixture of 
Arlacel P135 and Hypermer 2296 (AM, bottom). The images on the right have higher 
magnifications. 
Interestingly, polymerization of MIPEs stabilized by surfactant mixtures of Arlacel P135 and 
Hypermer 2296 (AM) or Hypermer B246sf and 2296 (BM) resulted in different foam 
morphologies; the polymerization of MIPEs stabilized by AM resulted in the so-called non-
droplet shaped morphology (Figure 38c,d) whereas the BM stabilized MIPE templates 
produced the expected open porous ‘polyHIPE’ structure (Figure 38a,b) [50]. The non-
droplet shaped morphology is in-line with the emulsion type observations, which showed 
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that MIPEs stabilized using AM surfactant mixture, were in a transition state between w/o- 
to o/w-emulsion. The open porous polymer morphology of the resulting polyMIPE which 
was stabilized by BM could be caused by the greater surface activity of Hypermer 2296.  
For polyHIPEs, the typical open porous polyHIPE morphology was obtained in all cases and 
independent from the surfactant used. This may be reasoned in the fact that in the case of 
the formerly HIPEs the internal pressure of the deformed emulsion droplets is increased and 
the interfacial films between the deformed dispersed droplets are thinned. Therefore, the 
surfactant type stops dominating the emulsion template properties because droplet 
interactions now mainly define the stability of the emulsion template. The polymer foam 
morphology and the development of the open porous interconnected polyHIPE structure 
then depend almost entirely on the internal phase volume ratio and is, furthermore, not 
significantly influenced by the chemical nature of the surfactant used, as long as the 
surfactant generates stable thin interfacial films between the dispersed droplets.  
For the polyMIPEs investigated, the polymer foam morphology is determined by two effects, 
the stability and the distribution of the dispersed droplets determined by physico-chemical 
properties of the surfactant/surfactant mixture used. For the MIPEs the surfactant has a 
pronounced effect on the emulsion templates and, therefore, also the polymer foam 
morphology.  
Droplet Size Versus Pore Size Distribution of polyM/HIPEs 
Because the droplet size distribution of the emulsion template is the template for the 
resulting pore size distribution in the polymer foam, a comparison of the droplet size 
distributions and the resulting pore size distributions indirectly gives information about the 
stability of the used emulsion templates. It is widely known that the polymer foam pore 
sizes are replica of the droplet sizes in the emulsion at the gel-point during polymerization 
[117], and many correlations between droplet sizes and pore sizes can be found in the 
literature (e.g. Ref. [98, 261]). However, the resulting pore sizes are not the same as the 
initial droplet sizes in the emulsion template, and the change in droplet sizes during the 
polymerization process has not yet been carefully investigated. Laser diffractometry 
(Mastersizer) was performed (Supplementary Information 6.5.1) to determine the initial 
droplet sizes in the emulsion templates. Unfortunately, the Mastersizer measurements were 
not reliable because of strong aggregation of emulsion droplets caused by the high 
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surfactant concentrations used. The aggregations of emulsion droplets (flocculation, 
agglomeration and bridging interactions) could not be separated into single droplets, 
resulting in excessively large values for the emulsion droplet sizes compared to the resulting 
pore sizes in the polymers. Therefore, no reliable initial droplet distributions could be 
determined using laser diffractometry (Supplementary Information 6.5.1).  
Table 17:  Droplet size ranges (d(D)0) of M/HIPEs stabilized with different surfactants, and the 
pore size ranges (d(P)0), standard deviations (w) and normalization factors (A) for the 
log-normal distribution of the counted pore sizes (d(P)10) of the resulting polyM/HIPEs. 
  OM  SEM Log-normal fitting 
Sample  
Droplet size 
range d(D)0 
[µm] 
 Pore size 
range d(P)0 
[µm] 
d(P)10 w A 
Span 80 
MIPEs 
9–30 
polyMIPEs 
8–33 17.0 0.5 0.11 
Hypermer 2296 2–6 1.6–6.7 3.8 0.3 0.10 
Hypermer 1083 3–4 0.6–4.0 2.0 0.4 0.09 
Hypermer B246sf 2–9 0.3–6.1 1.6 0.7 0.09 
Arlacel P135 1–10 1.6–9.2 4.4 0.4 0.10 
BM[a] 1–4 1.2–7.3 3.5 0.5 0.11 
AM[a] n.d.1 n.d.1 n.d.1 n.d.1 n.d.1 
Span 80 
HIPEs 
n.d.2 
polyHIPEs 
0.9–14.8 6.4 0.7 0.57 
Hypermer 2296  n.d.2 1.7–10.1 4.8 0.5 0.54 
Hypermer 1083 n.d.2 1.2–10.3 5.1 0.4 0.50 
Hypermer B246sf  n.d.2 1.8–10.5 5.9 0.4 0.50 
Arlacel P135  n.d.2 0.9–11.2 5.3 0.5 0.54 
BM[a] n.d.2 1.4–9.0 4.8 0.3 0.51 
AM[a] n.d.2 1.5–7.6 5.4 0.4 0.57 
[a] AM indicates a mixture of Arlacel P135 and Hypermer 2296, BM indicates a mixture of 
Hypermers B246sf and 2296. 
n.d.1,2 Droplet and pore sizes could not be determined, 1 because the emulsion and the resulting 
polymer foam was non-droplet shaped or 2 because the viscosity of the emulsion was too high 
for reliable sample slides to be prepared. 
On the other hand, the pore size distribution in the polymer foams can be determined easily 
by analysing SEM images and counting the pore sizes. The log-normal fitting characteristics 
(Equation 12) used to determine the pore size distributions are summarized in Table 17. The 
pore size distributions of the polyHIPEs and polyMIPEs are shown in Figure 39 and Figure 40, 
respectively.  Since the experimental parameters for preparing the emulsion templates were 
identical, and assuming that the polymerization reaction was the same in all cases, the pore 
size densities (d(P)10) as a function of pore size diameters for the polyHIPEs indicated stable 
emulsion templates for all of the tested emulsions (Figure 39). Span 80 is an exception 
because its pore size distribution is slightly broader caused by the instabilities.  
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Figure 39:  Pore size distribution function (log-normal) for polyHIPEs prepared by polymerizing 
HIPEs stabilized using the surfactants stated in the legend. 
 
Figure 40:  Pore size distribution function (log-normal) for polyMIPEs prepared by polymerizing 
MIPEs stabilized using the surfactants stated in the legend. 
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An unstable Span 80-stabilized MIPE template resulted in a pore size range 
(d(P)0 = 8 µm - 33 µm) of the resulting polymer foam almost identical to the observed 
droplet size range in the MIPE (d(D)0 = 9 µm - 30 µm, Table 17). However, since the 
maximum of the droplet size distribution is not known no further conclusion can be made. 
In Figure 40 it can be seen that for the formerly Span 80-MIPE the pore size distribution is 
very flat and broad. The more instable nature of Span 80-MIPE can be also seen in the Span 
80-HIPE within the polymer foam (Figure 39). It is widely known that more mono-disperse 
emulsions with small droplet sizes are more stable, and, therefore, it can be assumed that 
Hypermer 1083 stabilized MIPEs have the highest and Span 80 MIPEs the lowest emulsion 
stability (Figure 40). All other stabilized MIPEs were in the expected range between 2 µm 
and 5 µm. 
Physical Properties of polyM/HIPEs 
A series of polyMIPEs and polyHIPEs were characterized with respect to their matrix density, 
foam density and porosity (calculated from the matrix and foam density) to determine the 
influence of the surfactants used for the stabilization of the emulsion templates on the 
physical properties of the resulting polymer foams. Porosity is an important factor that 
governs the physical properties of macroporous polymer foams. The physical properties 
determined are summarized in Table 18. The matrix density for all of the polyMIPEs was in 
the expected range of ρm = (1.12 ± 0.02) g/cm3, which is in agreement with hydrocarbon 
polymer foams [305]. More unstable emulsion templates generally produce lower foam 
densities. This is in agreement with the fact that sedimentation of the dispersed droplets 
causes some organic phase to be expelled from, and rise above, the remaining emulsion. 
This increases the internal phase volume ratio of the remaining emulsion, resulting in a 
lower polymer foam density. Higher porosities than normally expected from the internal 
phase volume fraction of the emulsion templates are caused by the removal of unconverted 
monomers and used surfactant(s). Specifically, the deviation of the determined porosity 
from the expected porosity (Table 18) correlates with the total amount of surfactant and 
internal phase volume used. Theoretically, an emulsion template containing 80 vol.-% 
internal phase and 20 vol.-% surfactant in the organic phase (4 vol.-% surfactant in total) 
should result in a porosity of 84 % at 100 % conversion from monomer to polymer when the 
surfactant is removed after purification. The deviation between the expected and measured 
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porosities is, therefore, caused by incomplete conversion of the organic monomer phase 
into the polymer phase. The error of determining the porosity was ± 1 % (see 
Supplementary Information 6.5.1 for more details regarding the consideration of the error 
of the measurement).  
Table 18:  Matrix density (ρm), foam density (ρf), specific pore volume, porosity (P), BET surface 
area, elastic modulus (E), ultimate crush strength (u) and elastic crush strength (y) of 
poly(DVB-ST)M/HIPEs produced from emulsion templates stabilized by different 
surfactants. 
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1.15 0.39 1.6 67 4.66 ± 0.03 36.9 ± 10.1 2.13 ± 0.31 1.35 ± 0.06 
Hypermer 2296 1.13 0.38 1.7 66 6.68 ± 0.03 101.6 ± 11.1 5.53 ± 0.30 3.93 ± 0.10 
Hypermer 1083 1.14 0.41 1.5 64 3.47 ± 0.02 151.1 ± 10.7 8.58 ± 0.76 7.19 ± 0.05 
Hypermer B246sf 1.12 0.40 1.6 64 3.82 ± 0.02 211.7 ± 12.2 15.93 ± 1.11 10.48 ± 1.01 
Arlacel P135 1.13 0.41 1.6 64 5.47 ± 0.03 219.4 ± 9.4 15.75 ± 0.50 9.56 ± 0.83 
Hypermer 
2296/B246sf (BM) 
1.14 0.45 1.6 60 2.07 ± 0.03 150.4 ± 23.1 11.57 ± 0.66 11.80 ± 2.16 
Hypermer 
2296/Arlacel (AM) 
1.13 0.37 1.3 67 3.25 ± 0.02 31.7 ± 22.6 5.23 ± 0.84 4.37 ± 0.06 
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1.10 0.20 4.3 82 5.93 ± 0.03 34.5 ± 4.2 1.45 ± 0.04 1.21 ± 0.05 
Hypermer 2296 1.09 0.16 5.5 86 4.28 ± 0.02 36.2 ± 5.5 1.50 ± 0.02 1.28 ± 0.73 
Hypermer 1083 1.10 0.17 5.0 85 3.52 ± 0.04 29.6 ± 7.7 1.55 ± 0.03 1.30 ± 0.04 
Hypermer B246sf 1.08 0.16 5.5 86 4.63 ± 0.03 26.3 ± 1.6 1.32 ± 0.03 0.95 ± 0.50 
Arlacel P135 1.10 0.16 5.4 86 5.82 ± 0.03 28.0 ± 6.9 1.26 ± 0.10 1.02 ± 0.15 
Hypermer 
2296/B246sf (BM) 
1.10 0.16 5.3 85 4.46 ± 0.03 31.0 ± 4.5 1.45 ± 0.03 1.28 ± 0.68 
Hypermer 
2296/Arlacel (AM) 
1.11 0.17 5.1 85 4.52 ± 0.03 30.0 ± 2.6 1.33 ± 0.03 0.80-–1.6 
The internal phase volume fraction of the MIPE was 50 % and, considering the amount of 
surfactant used (10 vol.-% in total), a porosity of 60 % was expected at 100 % polymerization 
yield. Porosities of 64 % were determined for fully stabilized MIPEs (Hypermer 1083, 
Hypermer B246sf and Arlacel P135). The slightly destabilized Span 80, Hypermer 2296 and 
Arlacel P135/Hypermer 2296 (AM) emulsion templates (MIPE) resulted in polyMIPEs having 
porosities of up to 67 %, which in the case of Span 80 and Hypermer 2296 can be explained 
by sedimentation of the water droplets within the MIPE templates. The polymerization of 
the AM stabilized MIPE, resulting in the so-called non-droplet shaped polymer foam 
morphology, gave slightly higher polymer foam porosities than expected from the initial 
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phase volume ratio. This is due to the irregularly connected polymer foam morphology 
rather than destabilization/sedimentation of the emulsion template. In this case more 
unreacted monomers and/or small polymer fragments can be easily removed during 
purification resulting in lower foam densities and, therefore, higher porosities. The BET 
surface areas were within the expected ranges of approximately (4–6) m2/g which are 
typical for polyHIPEs [131] and 2 m2/g up to 7 m2/g for polyMIPEs (Table 18). The polyMIPE 
samples prepared by polymerizing MIPES stabilized by Hypermer B246sf and the mixture of 
Hypermers 2296 and B246sf (BM) gave BET surface areas at the lower limit of the 
determined surface area range, possibly because of their larger fractions of closed pores 
(Figure 38a,b) and lesser amount of nano- and mesopores within the polymer foam. 
Mechanical Properties of polyM/HIPEs Prepared by Polymerization of 
M/HIPEs with Different Surfactants 
The mechanical properties of each of the prepared macroporous polymers were measured 
at room temperature and humidity under compression. At small strains, usually below 5 %, 
the behaviours were linearly elastic, with the slope equal to the elastic modulus (E) of the 
polymer foam. The characteristic maximum at the end of the linear region was used to 
determine the ultimate crush strength (σu). The end of the linear region was used to 
determine the elastic crush strength (σy) at yield. Three typical regions are commonly 
observed for polymer foams, the initial linear elastic region (elastic modulus (E), often called 
Young’s modulus), a plateau region and the bulk compression region (also called 
densification, more details in Chapter 0). The elastic modulus (E) and the ultimate crush 
strength (u) were determined from the compression stress–strain curves. The mechanical 
properties determined for each of the samples are summarized in Table 18.  
Defined HIPE templates stabilized by the surfactants discussed above were prepared, 
polymerized and the resulting polyHIPEs mechanically tested to investigate whether the 
surfactants affected the mechanical properties of the polyHIPEs or not. Figure 41 shows 
representative compressive stress–strain curves for the produced polyHIPEs. It can be seen 
that the mechanical properties were almost identical for all the polyHIPEs and were 
independent of the chemical nature of the surfactant used, and this also applies to the 
morphology of the resulting polyHIPEs (Figure 36).  
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Figure 41: Typical stress-(crosshead)-strain plots, under compressive load at room temperature, for 
polyHIPEs prepared from HIPEs stabilized using different surfactants. The internal phase 
volume was 80 vol.-%. For clarity, only one characteristic stress–strain measurement is 
shown per sample. 
 
Therefore, the different surfactants did not significantly influence the resulting polyHIPE 
polymer foams. The effect of the surfactant on HIPEs is less pronounced because the 
‘packing argument’ and the polyhedral deformation of the dispersed droplets is more 
important than the physico–chemical properties of the surfactants to the emulsion 
templates. Only the first region was observed for the poly(DVB-ST) MIPEs because the 
polyMIPEs were rigid and very brittle (Figure 42). The samples fractured after the ultimate 
crush strength (σu) was exceeded so that almost no plateau region, where densification 
occurs, existed. It is assumed that the best developed closed porous structure will result in 
better mechanical properties (elastic modulus (E) and ultimate crush strength (σu)) than 
open porous structures, and that non-droplet shaped foam structures will give still poorer 
properties. The polyMIPEs made from MIPEs stabilized by Hypermer B246sf had a closed 
pore structure and showed high mechanical properties as expected (Figure 42). 
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Figure 42:  Examples of stress-(crosshead)-strain curves, under compressive load at room 
temperature, for polyMIPEs prepared from MIPEs with an internal phase volume 
fraction of 50  vol.-% stabilized using different surfactants (indicated in the legend). For 
clarity, only one characteristic stress–strain measurement is shown per sample.  
Surprisingly, the open porous polyMIPE made from an emulsion template stabilized using 
Arlacel P135 showed a slightly higher elastic modulus (E) and a higher ultimate crush 
strength (Figure 42). This indicates well the independence of mechanical properties of open 
or closed porous morphologies (more specified details are given in Chapter 0). The 
mechanical properties of the other open porous polyMIPEs made from MIPEs stabilized 
using Hypermer 1083, Hypermer 2296 or Span 80 decreased with decreased emulsion 
stability. The open porous polyMIPE with the most homogeneous polymer foam morphology 
was prepared from a Hypermer 1083 stabilized emulsion template which showed higher 
mechanical properties than the polyMIPEs obtained from the less stable Span 80 and 
Hypermer 2296 stabilized MIPEs, but lower mechanical properties than the polyMIPEs made 
from Arlacel P135 stabilized MIPEs. This indicates that the nature of the surfactants used 
does mainly influence the mechanical properties of the resulting polymer foams (plasticizer 
effect). 
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Since sedimentation of dispersed droplets and separation of the organic phase within the 
MIPEs occurred for the less stable templates, it is expected that the resulting polymer foams 
possess thinner polymer walls and, therefore, weaker mechanical properties. This is because 
thin polymer joints/struts are less able to withstand compression load and will buckle, as 
discussed in more detail in Chapter 4.2.5. The non-droplet shaped foam structure of the 
polyMIPE obtained from a MIPE stabilized by a mixture of Arlacel P135 and Hypermer 2296 
(AM) had the lowest mechanical properties because the ‘incomplete’ ordered network 
structure could not distribute the load homogeneously over the specimen area. However, 
the sample had almost the same elastic modulus (E) as polyMIPE made from the less stable 
Span 80 stabilized MIPE, which had the lowest mechanical properties. This agrees with the 
IFT observations, in which the IFT as function of the concentration of the AM mixture was 
closer to the Hypermer 2296 curve than to the Arlacel P135 (Figure 30b). 
In contrast, the replacement product Arlacel P135 and in particular the mixture of 
Hypermers B246sf and 2296 (BM) used to stabilize MIPEs and even LIPEs (Chapter 0, [50]) 
resulted after polymerization in open porous polyL/MIPEs morphologies instead of the 
closed porous morphology produced when only Hypermer B246sf was used. With respect to 
the IFT measurements, it was assumed that Hypermer 2296 is more surface-active than 
Hypermer B246sf and, therefore, results in open porous morphologies. It was also assumed 
that the resulting mechanical properties of the polymer foams would be closer to the 
polyMIPE produced from Hypermer 2296 stabilized MIPEs because Hypermer 2296 was the 
main compound in the mixture. However, the resulting mechanical properties of the 
polyMIPEs prepared from MIPEs stabilized by the mixture of Hypermers 2296 and B246sf 
(BM) were closer to the polyMIPEs made from MIPEs stabilized by Hypermer B246sf than to 
those stabilized by Hypermer 2296. The different surfactants do, therefore, have crucial 
effect on the emulsion structure and, therefore, on the resulting foam morphology and 
indeed on the mechanical properties of the resulting polyMIPEs. The results imply that the 
surfactant used to stabilize an emulsion template directly influences the mechanical 
properties of the polymer material, particularly for lower internal phase ratios (MIPEs and 
LIPEs). In more detail, it is usually expected that the surfactant is removed by the 
purification process after polymerization and, therefore, does not affect the mechanical 
properties. So the choice of surfactant was generally neglected so far. However, it can be 
seen from Supplementary Information 6.7 that a surfactant cannot completely be removed 
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from the polymer foams during purification. It is quite likely that any remaining surfactant 
may act as plasticizer when embedded in the polymer during the polymerization provided it 
has good solubility in the polymer. Each of the surfactants used has a different ability to be 
embedded in the polymer and, therefore, a different plasticization effect. Future work 
should focus on the solubility of the surfactants within the resulting polymer and the impact 
of any remaining surfactant on the mechanical properties of the polymer foams prepared 
using emulsion templating.  
To summarize, the surfactant does not significantly affect the morphologies and mechanical 
properties of polyHIPEs (resulting from HIPE templates) as long as the emulsions and films 
are stable during the polymerization process. This confirms the ‘packing argument’ that 
dispersed droplets in the HIPEs internal phase volume ratio, rather than the surfactant used, 
defines the morphology and mechanical properties of the resulting polyHIPEs. Moreover, no 
significant difference in mechanical properties of the resulting polyHIPEs could be found 
between using the most commonly used surfactant, Span 80, and other surfactants. 
However, Span 80 is definitely not the best choice for formulating w/o-M/HIPEs because the 
‘handling properties’ in the resulting polyM/HIPEs are poorer than those for polymer foam 
formulations using other surfactants. The term ‘handling properties’ cannot yet be properly 
defined or quantified so far, and describes the manual handling of the prepared polymer 
foam samples. Poor ‘handling properties’ may be caused by insufficient shear resistance [80] 
because the samples break easily during handling. Span 80 stabilized MIPE and the resulting 
polyMIPE clearly had poor mechanical properties. The internal phase volume ratio range 
that can be used to prepare polymerizable emulsion templates stabilized using Span 80 is 
also smaller than that of the other surfactants tested. Therefore, to produce novel polymer 
foams via emulsion templating, with defined physical and chemical properties, other 
surfactants and surfactant combinations are far more suitable than the classically used 
surfactant Span 80. 
The most useful surfactant for preparing stable emulsion templates covering a large range of 
internal phase volume ratios, which upon polymerization result in open porous polyM/HIPEs, 
was the surfactant mixture of Hypermers B246sf and 2296 (BM), especially when compared 
to the AM mixture. The open porous morphology obtained by polymerizing MIPEs stabilized 
by the AM mixture resulted in polymer foams with superior mechanical properties. However, 
small changes in the surfactant clearly affected the resulting polymer foams, indicating that 
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more care needs to be taken when preparing and comparing polymer foams. Further 
investigations should be carried out to improve the understanding of the influence of the 
surfactant on the polymer foams.  
4.1.5. Conclusion and Outlook on the Influence of Surfactants on Emulsion 
Stability, the Resulting Polymer Foam Morphology and Mechanical 
Properties of polyM/HIPEs 
In a Unilever patent from the early 1980s [159] an w-ST:DVB-HIPE stabilized using Span 80, 
and respective polyHIPE, was studied and described. This emulsion template is so far the 
most studied and used system in the field of polyHIPEs. However, as shown in this chapter, 
the emulsion template components, especially the surfactant, affect the morphology and 
mechanical properties. It can be concluded that polyHIPEs are not yet well understood and 
the interaction of the surfactant with emulsion template systems and the resulting polymer 
foams is so far neglected, even though the surfactant is one of the most important 
components. Furthermore, colloid chemistry is usually under-represented in the field of 
emulsion templating, even though the emulsion template is the first step in preparing the 
polymer foams. On the other hand, colloid chemistry, particularly IFT measurements alone, 
cannot provide a correlation between the emulsion and the polymer foam produced. Both 
research fields are still too separated. Therefore, it is necessary for a cross-disciplinary 
approach between these research areas to be taken in the future.  
New surfactants could be identified that are able to stabilize emulsion templates over a 
wider range of internal phase ratios (MIPEs/HIPEs) resulting in open porous polymer foams. 
The commercially available technical surfactants Hypermer 2296, Hypermer 1083, 
Hypermer B246sf and Arlacel P135, which have shown promise in stabilizing polymerizable 
w-ST:DVB emulsion templates, were characterized for the first time in terms of their 
chemical structures, molecular weight and the influence on emulsion morphology and 
stability as also resulting polymer foams and compared to the well characterized surfactant 
Span 80. A summary of the chemical structures, molecular formulae, molecular weight 
densities and qualitative remarks can be found in Table 19. The commercially available 
surfactants contain low molecular weight impurities that are highly surface-active and have, 
therefore, a significant impact on the emulsion template stability, the morphology and 
mechanical properties of the resulting polymer foams. It is, therefore, recommended that 
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pure surfactants are studied to determine the impact of the surfactant impurities on the 
emulsion templates and the resulting polymer foams. Further measurements, such as size 
exclusion chromatography (SEC) or gas chromatography (GC), should be performed to 
accurately determine the average molecular weight and the molecular weight distribution 
and to identify the impurities of the surfactants. 
Table 19:  Results of the characterization of the types and molecular weights (MW) of the 
commercially available surfactants used. 
Surfactant/ 
trade name 
Name Molecular formula Qualitative remarks 
MW 
[g/mol][a] D
e
n
si
ty
 
[g
/c
m
3 ]
[b
]  
Span 80 Sorbitan octadecenoate C18H34O2 x C6H10O4 
Sodium salt, mixture of mono-, 
di-, tri-sorbitan ester, low 
molecular weight impurities  
429 0.992 
Hypermer 
2296 
Blend of polyisobutylene 
succinic anhydride 
(PIBSA, C8H10O3), and 
sorbitan ester [392] 
chemical structure not 
published 
PIBSA is a minor component in 
the sorbitan ester compound 
833 
(1690) 
0.974 
Hypermer 
1083 
Poly(ethylene oxide)- 
octadecenoic 
acid block copolymer 
(C18H35O2 x C2H4O)n 
Sorbitan ester was identified 
as a secondary component, 
the hydrophobic side chain 
contains a double bond moiety 
instead of the proposed 
hydroxyl group 
2041  
(2606) 
0.984 
Arlacel P135 
Poly(ethylene oxide)-di-
hydroxy octadecanoic 
acid block copolymer 
(C18H36O3 x ½ (C2H4O))n 
Not identical but quite similar 
1867 
(4047) 
--- 
Hypermer 
B246sf 
Poly(ethylene oxide)-di-
hydroxy octadecanoic 
acid block copolymer 
(C18H36O3 x C2H4O)n 
2000 
(5125) 
0.974 
[a] Molecular weight was determined by MALDI-TOF-MS and/or ESI-MS spectrometry. The highest detectable 
m/z signal is given in brackets. 
[b]  Density was determined using an Anton Paar Densitometer DMA 5000M. 
Measured IFT offered a rough insight into the surfactant adsorption behaviour at the water-
ST:DVB interface and indicated that Span 80, Hypermer 1083 and Hypermer 2296 behave 
almost the same despite their different chemical compositions. The CMC of the surfactants 
was determined and it turned out that the surfactant amount commonly used to stabilize 
emulsion templates is far in excess of the amount needed to stabilize emulsion templates 
and that the surfactants are initially solubilized in the organic phase. The surfactants 
Hypermer B246sf and Arlacel P135 (which are supposedly identical) had different IFTs that 
became the same at high surfactant concentrations (around the CMC). Hypermer B246sf 
and Arlacel P135 dissolved in a 1:3 mixture of ST:DVB resulted in ultra-low interfacial 
tensions. It can, therefore, be stated that Arlacel P135 and Hypermer B246sf are not 
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identical and that small changes in surfactant composition can have significant physico-
chemical effects. However, the proposed impurities could not be clearly identified from IFT, 
FT-IR, NMR and MS analysis. From calculating the minimum area (Amol) at the water-oil 
interface for a single surfactant molecule, it can be assumed that benzylic compounds (oil 
phase) intercalate between the non-benzylic surfactant molecules at the water-oil interface. 
This may be a reason why it is possible to prepare polymer foams from unsaturated benzylic 
emulsion templates but not from unsaturated aliphatic ones, and why adding benzylic 
compounds help in preparing emulsion templates and the respective polymer foams, 
particularly, if surfactant micelles or individual solubilized surfactants affect significantly the 
viscosity of the organic phase that polymerizable emulsion templates can be obtained. 
However, the reasons are still unclear and need to be investigated in more detail.  
The influence of the surfactants on the emulsion templates and the resulting physico-
chemical properties of polymer foams was determined. There is a significant difference 
between HIPEs and MIPEs and the polymer foams produced that cannot be determined by 
IFT measurements. The physico-chemical properties of the surfactants clearly determine the 
morphology and stability of the emulsion templates and, therefore, affect the resulting 
polymer foams, more so for polyMIPEs to a lesser extend the polyHIPEs. The influence of 
the surfactant used to stabilize the emulsion template on the morphology and mechanical 
properties under compression of polyHIPEs was insignificant as long as the surfactant is able 
to stabilize a HIPE that can withstand the elevated temperature requires to initiate the 
polymerization. The stability of the surfactant film at the water-oil interface seems to be the 
most important factor which determines an emulsion template that can be polymerized.  
The HIPE internal phase volume ratio superimposes the physico-chemical properties of the 
surfactant on the resulting morphology and mechanical properties of polyHIPEs, and the 
opposite is true for MIPEs and their resulting polyMIPEs. The influence of the different 
surfactants on the morphology of MIPE templates and after polymerization on the pore 
structure and mechanical properties of polyMIPE was identified. The surfactant used to 
stabilize MIPE templates has a crucial impact on the morphology and mechanical properties 
of the resulting polyMIPE. The polymer foam morphology and the mechanical properties 
can be tailored when the correct surfactant is chosen to formulate a stable MIPE that can 
withstand the polymerization process. The mechanical properties of the polyMIPEs are 
determined not only by the polymer foam morphology but also, strongly, by the ability of 
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the surfactant to be embedded within the resulting polymer material during the 
polymerization process (giving a plasticizing effect). It seems that mixtures of surfactants are 
better suited than individual surfactants to stabilize emulsion templates over a wider 
internal phase volume fraction range to yield the desired open porous interconnected foam 
structure with optimal mechanical properties. The influence of the surfactant mixture can 
be determined clearly in the physical properties of the resulting polyMIPEs. For example, 
when Hypermer 2296 was used to stabilize MIPEs, resulting in open porous polyMIPEs, the 
mechanical properties were in the midrange of all investigated polyMIPEs. On the other 
hand, using Hypermer B246sf to stabilize MIPEs results in polyMIPEs with a closed porous 
morphology and good mechanical properties, whereas polymerizing MIPEs stabilized by a 
mixture of Hypermers B246sf and 2296 (BM) resulted in open porous polyMIPEs. Hypermer 
2296 seems to be a more surface-active surfactant than Hypermer B246sf and it attaches 
more strongly and quickly at the w/o-interface. It was, therefore, expected that polymerized 
emulsion templates stabilized by the Hypermer 2296/B246sf surfactant mixture (BM) result 
in polymer foams similar to those obtained from Hypermer 2296 stabilized templates. It is 
assumed that a strong attachment of the Hypermer 2296 surfactant thins the interfacial film 
between neighbouring droplets. These thin interfacial films contract and rupture during the 
polymerization process causing the formation of an open porous polymer morphology. 
However, the mechanical properties of polyMIPEs which was stabilized by the BM mixture 
were closer to those of polyMIPEs produced from Hypermer B246sf stabilized templates. 
This may be explained by the fact of less plasticization properties (less solubility within the 
organic phase) of Hypermer B246sf within the resulting polymer foam. In contrast, the 
polymerization of Arlacel P135 (supposedly identical to Hypermer B246sf) and Arlacel 
P135/Hypermer 2296 (AM) mixture stabilized MIPEs produced polyMIPEs with an open 
porous morphology and a non-droplet shaped morphology, respectively. The interaction of 
various surfactant molecules leads to interesting questions regarding further detailed 
investigations, including how the surfactant at the interface of the emulsion affects the 
polymer foams produced by polymerization of the templates; what happens to the 
surfactant during the polymerization process, and how the mechanical properties of the 
polymer foams depend on the surfactant embedded within the polymer material. Further 
methods are, therefore, required to determine the film properties [416] (surfactants at the 
water-oil interface) and to develop a correlation between the emulsion template and the 
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resulting polymer foam [373]. Additionally, future work should focus on the temperature 
dependence of the adsorption behaviour of the surfactants at the water-oil interface 
because interfacial film stability can change during the polymerization process as heat is 
additionally released. It is now possible to prepare tailored, and particularly open porous, 
emulsion templated polymer foams by polymerization of lower internal phase ratios 
(Φ < Φ*, polyM/LIPEs) when suitable surfactants are used to stabilize the emulsion 
templates.   
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4.2. Behaviour of polyL/M/HIPEs Foams Under Compression 
Polymer foams are suitable for a wide range of applications because of their unique 
properties such as foam density and morphology. The most important characterization 
methods for highly crosslinked polymer foams are SEM investigations and mechanical 
compression tests. Due to the brittleness of poly(DVB-ST) foams tension tests are not 
suitable for this kind of material. Therefore, axial compression tests are more useful to 
investigate the suitability of polymer foams for certain applications. The results of 
compression tests also allow assessing changes in the mechanical performance as function 
of preparation parameters. However, for a given polymer foam the relationship between 
the morphology and the mechanical properties is yet not fully understood, especially in the 
area of polyHIPEs [13, 417]. Previous studies have shown that the absorbed energy under 
compression of foamed materials strongly depends on the relative density of foams with 
respect to that of the solid bulk polymer [12]. However, for example it is still not fully 
understood how the pore size and openness (number of pore throats and pore throat sizes) 
of macroporous polymer foams influence the resulting mechanical properties. Therefore, a 
good understanding of the mechanical behaviour with respect to the morphology and 
process parameters is needed in order to predict polymer foam properties and design the 
polymer foams for a given set of material requirements. In order to obtain a better 
understanding of the mechanical properties of polymer foams prepared via emulsion 
templating this chapter is structured as follows; first, the mechanical properties of bulk 
polymers are investigated and discussed as these values are important for further 
mathematical consideration and discussion, secondly, the parameters obtained from the 
mechanical measurements (elastic modulus, elastic crush strength, ultimate crush strength, 
modulus of resilience and toughness) are considered using the models developed by Gibson 
and Ashby (GA), for which modifications are discussed, finally, the energy absorbance, 
deformation mechanisms, effect of plasticizers and the influence of pore sizes are discussed. 
Classical macroscopic behaviour of porous materials under uniaxial compression is shown 
schematically in the stress-strain curve in Figure 43d. The stress-strain curve has three 
regions; an elastic region (region I) followed by a stress plateau (region II), where the stress 
is almost constant over a large range of strain corresponding to plastic yielding and, finally, a 
densification region (region III). In region I, the sample reversibly deforms and stress and 
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strain are proportional until a certain stress is reached, noted as the elastic crush strength at 
yield (σy). At this point the sample starts to irreversibly deform and turns from the elastic to 
the plastic deformation mode. The initial slope of the stress strain plot is equal to the elastic 
(Young’s)18 modulus (E) of the polymer foam. The stress indicated by the extrapolation of 
the initial elastic and plateau regions is called the ultimate crush strength (u) where the 
sample starts to break. In the plateau region (region II), the material irreversibly deforms; 
the damage mode can be buckling or cracking of the polymer walls. If all pores are 
compressed foam densification starts (region III). 
 
Figure 43:  Schematic stress-(crosshead) strain behaviour under compression of (a) elastomeric 
polymer foams, (b) elastic-plastic polymer foams and (c) elastic-brittle polymer foams. 
Figure (d) defines the mechanical parameters which can be obtained for polymer foams 
under uniaxial compression. (Figures a-c adapted from Ref. [12]). 
In Figure 43a-c the idealized stress-strain plots for various foam materials are shown. In the 
case of elastomeric foams the initial linear region is followed by a smooth change in stress 
leading (ideally) into a constant stress plateau region, terminating in a rapid increase in 
stress as densification occurs (Figure 43a). In the case of elastic-plastic materials there is a 
                                                 
18  Strictly speaking the often citied term ‘Young’s’ modulus is reserved for the tensile modulus since 
compression test were carried out during this study the Young’s modulus is termed (compression) elastic 
modulus. 
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sharp change in stress between the initial linear elastic and plateau regions where the load 
is arrested in the plateau phase caused by pore wall collapse and, finally, a rapid increase in 
stress occurs as densification of the pores takes place (Figure 43b). In the case of elastic-
brittle porous materials the plateau region is noisy (Figure 43c) and corresponds to the 
rearrangement of several parts of the cracked specimen (Figure 44b). In the case of plastic-
brittle polymer foams macroscopic fracture of the specimen occurs at the maximum of the 
ultimate crush strength (σu) and no densification occurs (e.g. Figure 47). Complete failure 
(breaking) of the sample in region II suddenly releases the stored energy and the stress 
dramatically drops. After the measurement, the polymer foam specimen appears fairly 
fragmented. The fragments consist largely of un-deformed fractured portions as well as 
portions that have been plastically deformed up to full densiﬁcation (e.g. Figure 44b). 
 
Figure 44:  SEM images of a cross-section of poly(DVB-ST)MIPEs; a) before compression and b) 
after compression. It can be seen that the polyMIPE is brittle, showing crushed parts 
but yet contains non-deformed areas. The specimen was compressed until the 
ultimate crush strength was reached. 
Relationship between the Structure of Polymer Foams and Mechanics of 
Deflection 
Publications describing the mechanical properties of polymer foams deal with mathematical 
models describing the mechanical properties as a function of pore geometry and mechanical 
properties of the pore walls, namely, bending stiffness, elastic buckling and plastic hinge 
[12, 418-420]. In order to predict the mechanical properties of polymer foams several 
simplified equations have been developed which take into account the relative density of 
polymer foams and stiffness of the respective bulk material. Gibson and Ashby [12, 420] 
published an extensive review regarding the theoretical background of the mechanical 
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properties of polymer foams by taking the pore arrangement into account. A simplified 
semi-empirical model for an open porous foams was constructed in which the foam is 
modelled as an array of cubic pores of length (l) and struts/pore walls of thickness (t) as 
shown in Figure 45 (right). The mechanical properties and response of the polymer foams 
are related to their morphology (pore walls and pore edges/pore struts) and the 
corresponding deformation mechanics. Under small loads, the pore-unit does capture the 
critical processes (bending and fracture) that govern the deformation and structural stability 
of a porous structure.  
 
Figure 45:  SEM image of a polyHIPE (left) and a schematic pore unit of an open porous foam of 
cubic symmetry before and during compression (middle and right, respectively). The 
pore is comprised of edges or struts of length (l) and thickness (t). The linear-elastic 
deflection (δ) is induced by a force (F). Pictures of pore units are adapted from Ref. 
[12]. 
The investigations of macroporous polymer foams by Gibson and Ashby [12] revealed that 
the mechanical properties of porous materials mainly depend on their relative densities. 
The relative density is defined and correlated to the pore dimensions as shown in 
Equation 16:  
𝜌∗ =  
𝜌f
𝜌m
∝ (
𝑡
𝑙
)
2
     , Equation 16 
where  ρ* is the relative density defined as the ratio of foam and matrix density (ρf/ρm) and 
corresponds to the length (l) and the thickness (t) of the edges/struts. During the linear 
elastic deflection, where each pore edge transmits forces, Equation 16 can be correlated to 
the elastic modulus (E) as described in Equation 17; 
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𝐸
𝐸s
=
foam properties
pore  wall properties
=  𝐶1 ∙ (
𝜌f
𝜌m
)
2
=  𝐶1 ∙ (𝜌
∗)2     , Equation 17 
where E is the elastic modulus of the polymer foam, Es the elastic modulus of the pure bulk 
polymer (without any porosity), C1 a proportionality constant and ρ* the relative density. 
The constant C1 contains all other dependent properties, such as pore and pore throat 
diameter, packing efficiency etc. and has to be determined empirically. Gibson and Ashby 
estimated that for open porous foams C1 = 1. Additionally, the power law exponent (n) = 2 in 
Equation 17 is not necessarily n = 2 as proposed by Gibson and Ashby [12]). The power law 
exponent n can vary and, therefore, the working equation in order to apply Equation 17 to 
the elastic modulus versus the relative density is as follows: 
𝐸 =  𝐸s ∙ 𝐶1 (
𝜌f
𝜌m
)
𝑛
= 𝐶1
′ (
𝜌f
𝜌m
)
𝑛
   , Equation 18 
where n is the power law exponent. Equation 18 shows that the elastic modulus (E) of 
polymer foams depends on the elastic modulus of the respective pure bulk polymer (Es), the 
relative polymer foam density (ρf/ρm) and the empirical power law exponent (n). However, 
this equation only applies for small mechanical displacements where no buckling occurs 
(Euler load)19. Furthermore, this equation does not account for the influence of pore size on 
the elastic modulus (E). Additionally, Equation 18 represents a parabolic relationship (for 
n > 1) of the foam modulus and its relative density, where open pore foams deform 
primarily by pore wall bending. With increasing relative density (ρ> 0.1) pore edge 
compression plays a significant role where Equation 18 do not apply. In principal, the elastic 
moduli (E) are related to the bending stiffness of the pore wall forming the porous structure, 
while the elastic collapse (crush strength at yield, σy) is caused by the elastic buckling of the 
pore wall material. 
Morphology and Mechanical Properties of Solid Bulk Polymers  
For poly(DVB) no values for the pure bulk compression modulus (Es) have been found in the 
literature. In the literature the solid elastic modulus for pure poly(ST) foam ranges between 
Es = 1380 MPa and Es = 2650 MPa [420] and depends on the synthesis procedure of the 
polymer foams. The crush strength for poly(ST) is reported to be between σ = 30 MPa and 
                                                 
19  The ‘Euler load‘ is the compression force required to cause buckling of the struts in a specimen (elastic 
stability limit).  
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σ = 80 MPa [305]. However, the preparation of pure (ST-DVB) bulk polymers by polymerizing 
only the continuous phase was almost impossible because of the difficulties during the bulk 
polymerization of the pure monomers due to excessive heat development. The exothermic 
polymerization reaction was rapid and the heat development caused the samples to 
degrade (‘run-away of the reaction’, see Supplementary Information, Figure 69). However, a 
few test specimens could be obtained from the surfactant-free (Figure 46a) and Hypermer 
2296-containing (Figure 46b) bulk polymer monoliths. Both resulting monoliths were white 
and opaque. This appearance is in contrast to the clear bulk polymers, which are usually 
obtained in the case of pure amorphous polymers20. As can be seen in Figure 46b, the 
surfactant which was dissolved in the monomer phase caused an intrinsic phase-separation 
within the bulk polymer resulting in a polymer with inhomogeneous morphology. In 
contrast, the surfactant-free bulk polymer had a dense and a non-porous morphology 
(Figure 46a). It seems that the released nitrogen (AIBN decomposition, Figure 11)21 during 
the polymerization did not produce significant porosity within the polymer (Figure 46a).  
 
Figure 46:  SEM images of the cross-section of a) pure hard-brittle poly(DVB-ST) bulk polymer and 
b) poly(DVB-ST) bulkpolymer which contained 20 vol.-% Hypermer 2296 as surfactant 
with respect to the organic phase. This monolith was more chalky and foam-like. In 
both cases the polymerization was initiated thermally using AIBN.  
                                                 
20  All polymers making up the foams discussed in this thesis were amorphous. No crystallinity could be 
detected using X-ray diffraction measurements.  
21  Since nAIBN = 0.6 mmol was used and according to V = Vm · n, where Vm is the molar N2 gas volume and n 
the amount of substance, a total N2 release volume of V = 13 mL is expected which could act as pore-
forming-agent (porogen). This would result in a porosity of P = 26 % assuming that the nitrogen is 
completely entrapped in the polymerizing polymer phase.  
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Figure 47: Compression stress-(crosshead)-strain curves for the pure poly(DVB-co-ST) bulk 
polymer samples containing surfactant (black squares) and surfactant-free (grey 
circles). 
One specimen each of pure poly(DVB-co-ST) bulk polymer and of a Hypermer 2296 
containing poly(DVB-co-ST) bulk polymer could be extracted from a larger monolith 
produced by bulk polymerization, and successfully compression tested. A single strength 
and modulus value could be determined for pure bulk polymers but no standard deviation 
of the mechanical properties can be given (Figure 47 and Table 20; sample 0). The elastic 
modulus (Es) for poly(DVB-co-ST) bulk polymer, obtained by the polymerization of the 
continuous phase of a 1:3 mixture of ST and DVB without surfactant and initiated using 
1 mol-% AIBN, was Es = 425 MPa and the ultimate crush strength σu* = 63 MPa. The bulk 
polymer sample containing additionally 20 vol.-% Hypermer 2296 with respect to the 
organic phase resulted in a lower elastic modulus of Es = 197 MPa and an ultimate crush 
strength of σu* = 19 MPa (Table 20). The non-surfactant containing bulk polymer is hard-
brittle with increased mechanical properties compared to the bulk polymer containing 
surfactant (Figure 47). Therefore, the differences in the mechanical properties hint to a 
plasticization effect of the surfactant. This is in contrast to the normal assumption that the 
surfactant will be completely removed from the resulting polymer by subsequent 
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purification steps (see Supplementary Information 6.7). The plasticization by surfactant 
remaining within the polymer is usually not considered when investigating polyL/M/HIPEs. 
The influence of the surfactants on the mechanical properties of the polymer samples is 
discussed in more detail in terms of possible plasticization in Chapter 4.2.5. 
To conclude, the results indicate the magnitude of the resulting mechanical properties and 
it should be pointed out that the polymerization kinetics for bulk polymers can be very 
different to those for emulsion templates (Chapter 2.7.1). 
Mechanical Properties of polyL/M/HIPEs as Function of the Relative Density 
The semi-empirical cubic model developed by Gibson and Ashby (as expressed in Equation 
18) was applied to the mechanical data obtained. The emulsion templates used in this study 
to produce polyH/M/LIPEs possessed different internal phase volume ratios (84 vol.-% to 
25 vol.-% with respect to the total emulsion volume). Different internal phase volume ratios 
were chosen in order to vary the relative density of the resulting polymer foams and 
investigate the effect of porosity/relative density on the morphology and mechanical 
properties. The organic continuous phase contained 20 vol.-% ST, 60 vol.-% DVB and 
20 vol.-% of various surfactants (Hypermer 2296 and a mixture of Hypermer 
2296/B246sf)[50]. The polymerization of the organic phase of the emulsion templates was 
initiated thermally using 2 mol-% AIBN. After polymerization the polymer foams where 
purified in deionized water to remove the calcium chloride and subsequently in methanol to 
remove surfactant for 24 hours each and dried at 100 °C in vacuum until constant weight 
(more details regarding the influence of the purification and drying is presented in the 
Supplementary Information 6.7). Details of the surfactant used, relative density, pore and 
pore throat sizes and the determined mechanical properties are given in Table 20. The 
elastic moduli (E), elastic crush strengths (σy) and ultimate crush strengths (σu) were 
determined from compression tests of at least three specimen for statistical significance and 
correlated to the relative density (ρ*, Equation 28). The proposed models by Gibson and 
Ashby were applied to these emulsion templated polymer foams. In addition, improvements 
to the models have been suggested in this present study; in particular, introducing limiting 
values for low and high relative densities. The refined models can be used to predict the 
mechanical properties of polymer foams as function of the relative density (ρ*), when the 
elastic modulus (Es) of the bulk polymer is known. Furthermore, the modulus of resilience 
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(MR) and toughness (MT) of the polymer foams have been introduced in order to take the 
strain dependence and, therefore, different deformation mechanisms into account. This 
allows a more accurate description of the polymer foam properties and a better comparison 
between different polymer foam formulations. Mechanical compression stress-strain maps 
of the resulting polymer foams (polyL/M/HIPEs) as a function of the relative densities 
(original internal phase volume ratio noted in brackets in the legend) are shown in Figure 
48. As expected, the mechanical properties increase with increasing relative density (lower 
porosity). As expected for polymer foams having the same composition they became stiffer 
and more brittle with increasing relative densities.  
 
Figure 48: Characteristic examples of compression stress-(crosshead)-strain curves of poly(DVB-
ST)L/M/HIPE foams as a function of relative density ρ* (1st value stated in the legend) 
prepared via emulsion templating from emulsion templates having different internal 
phase volume ratios (2nd value stated in the legend in brackets). The original emulsion 
templates were stabilized using either a single surfactant (Hypermer 2296) or a 
surfactant mixture (Mix, Hypermer B246sf/2296). For clarification only one 
representative measurement per sample is shown.  
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Table 20:  Used internal phase volume ratios of emulsion templates, whose organic phase 
contained a 1:3 mixture of ST:DVB as continuous organic phase stabilized by using 
either a single surfactant (Hypermer 2296) or a surfactant mixture (Hypermer 
B246sf/2296). The resulting relative density (ρ*), average maximum pore d(P)0 and 
pore throat diameters d(PT)0, elastic modulus (E), elastic crush strength at yield (σy), 
ultimate crush strength (σu), modulus of resilience (MR) and toughness (MT) and the 
quotient of MT/MR of the resulting polymer foams are summarized. Some data have 
been already reported in Ref. [50] (grayed).  
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1.00 --- --- 425 61 63 458 518 1.1 
0[b] 1.00 --- --- 197 11 19 36 132 3.7 
84 0.11 5.4 ± 1.4 1.0 ± 0.5 Too brittle to prepare test specimens 
80 0.12 4.8 ± 1.6 1.0 ± 0.5 36 ± 6 1.3 ± 0.1 1.5 ± 0.1 2.4 ± 0.2 4.0 ± 0.5 1.6 
74 0.20 5.7 ± 1.9 1.5 ± 0.5 72 ± 9 2.6 ± 0.2 3.6 ± 0.3 3.9 ± 0.6 11.6 ± 1.1 3.0 
64 0.25 7.6 ± 3.2 1.8 ± 0.6 64 ± 21 3.6 ± 1.0 4.7 ± 0.6 8.4 ± 3.8 22.3 ± 8.5 2.7 
60 0.29 6.7 ± 3.1 1.7 ± 0.8 99 ± 11 3.9 ± 0.7 5.4 ± 0.3 7.0 ± 2.7 18.7 ± 3.5 2.7 
50 0.35 3.8 ± 0.9 0.9 ± 0.5 65[c] 3.7 [c] 4.9 [c]  6.5 [c] 17.5 [c] 2.7 
80 
H
yp
er
m
er
  
2
2
9
6
/B
2
4
6
sf
 
0.11 4.8 ± 1.0 1.3 ± 0.3 31 ± 5 1.3 ± 0.1 1.5 ± 0.1 2.9 ± 0.5 5.2 ± 1.5 1.8 
60 0.29 3.6 ± 1.2 0.9 ± 0.5 112 ± 35 5.6 ± 0.6 8.4 ± 0.9 17.9 ± 4.2 38.6 ± 5.4 2.2 
50 0.34 3.6 ± 1.2 1.0 ± 0.3 151 ± 25 8.8 ± 2.7 12.6 ± 1.1 23.1 ± 5.1 45.8 ± 13.5 2.0 
40 0.39 5.0 ± 1.7 1.5 ± 0.5 158 ± 37 10.7 ± 1.2 12.9 ± 1.5 27.4 ± 5.8 48.0 ± 10.4 1.7 
34 0.41 3.9 ± 1.3 1.4 ± 0.3 164 ± 13 10.7 ± 1.3 14.4 ± 2.2 28.4 ± 7.6 81.8 ± 22.2 2.9 
25 0.52 3.8 ± 1.1 1.1 ± 0.3 350 ± 12 12.2 ± 1.0 19.3 ± 2.3 21.6 ± 3.6 97.8  ± 17.6 3.6 
[a] The bulk polymer sample was made by polymerization of a 1:3 ST:DVB and was initiated by using 1 
mol-% AIBN. No standard deviation is given as only a single specimen could be successfully tested. 
[b] Same organic phase composition as stated under [a] and additionally 20 vol.-% Hypermer 2296 with 
respect to the organic phase. No standard deviation is given as only one specimen could be tested. 
[c] Single measurement; due to the emulsion sedimentation only one specimen could be tested.  
In Figure 48, it can clearly be seen that the polymer foam behaviour changes from elastic-
plastic for low relative densities, to hard (elastic)-brittle at high relative densities (compare 
Figure 43a-c). In the case of polymer foams made from emulsion templates stabilized by the 
surfactant mixture (Mix, 1:2 mixture of Hypermer B246sf/Hypermer 2296) all samples 
possessed better mechanical properties compared to the samples prepared by 
polymerization of templates stabilized solely by Hypermer 2296. Enhanced mechanical 
properties are clearly obtained for polymerized MIPEs stabilized using the surfactant 
mixture (compare samples at ρ* = 0.29 (60 %) in Figure 48). All polyM/LIPEs prepared from 
emulsion templates stabilized by a surfactant mixture with higher relative densities 
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(polyM/LIPEs) were brittle having almost no plateau region. However, as already observed 
in Chapter 4.1.4, the resulting mechanical properties are identical for polyHIPEs (compare 
samples at ρ* = 0.11 (80 %) in Figure 48) and again independent of the surfactant used in 
this study.  
4.2.1. Elastic Modulus of polyL/M/HIPEs 
The compression elastic moduli (E), derived from the compression tests, as a function of the 
relative densities (ρ*) are shown in Figure 49. Gibson and Ashby set the power law exponent 
n = 2 (as expressed in Equation 17) for fully open porous foams and indicate a foam-yielding 
mechanism for the polymer foams dominated by elastic buckling of the polymer walls. 
However, the power law exponent can vary. Generally, the empirically determined power 
law exponent n has been found to vary between n = 1 – 4. For example, depending on the 
type of polymer foam, n = 1.5 indicates predominantly plastic yielding [12, 421]. For cubic 
pores the exponent is n = 2, but for wood and bone n = 3 [12]. The authors partially 
attributed the differences between model and experimentally determined exponents to 
anisotropy in the structure. The power law exponent (n) is also dependent on the pore 
packing in the polymer foams and, therefore, has been made variable when using Equation 
18 to fit the stress-strain curves in this present study. Furthermore, Gibson and Ashby stated 
that their model is only applicable within a relative density (ρ*) range of ρ* = 0.0 and 
ρ* = 0.1 (and later the range was extended up to ρ* = 0.3).  
First of all, All data obtained in this present study, in the relative density range between 
ρ* = 0.11 and ρ* = 0.34 (polymer foams prepared using the ‘single’ surfactant Hypermer 
2296), were fitted to the power-law relationship proposed by Gibson and Ashby (Equation 
18). A power law exponent of n = 0.54 and an elastic bulk polymer modulus of Es = 148 MPa 
(assuming that C1 = 1) resulted (Figure 49 dotted line). However, according to the Gibson 
and Ashby model, the power law exponent (n) must be n > 1 and therefore the model does 
not provide a good fit to this set of data (ρ* = 0.0 - 0.3). In addition, an exponent of n < 1 is 
in disagreement with the theoretical considerations, where the elastic modulus increases 
with increased relative density (decreased porosity). In this case the Gibson and Ashby 
model (Equation 17) does not apply to polymer foams (in particular polyHIPEs) prepared via 
emulsion templating. 
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Figure 49: Elastic moduli as a function of the relative density for poly(DVB-ST)-L/M/HIPEs made 
from L/M/HIPEs stabilized by two different surfactant systems; Hypermer 2296 (filled 
squares) and a mixture of Hypermer 2296/B246sf (empty squares) fitted to Equation 
18. Additionally, the power law exponent n for the fit is stated and the determined 
elastic modulus (Es) of pure bulk polymer (filled circles) is also shown (top figure). The 
lower and higher value indicates bulk polymer containing surfactant and surfactant-
free bulk polymers, respectively. For clarity, in the bottom figure a more detailed 
section and the results of the fittings are shown. 
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Deviation from the proposed power law exponent is mainly caused by the polyMIPE with 
ρ* = 0.35 (emulsion template prepared by an internal phase of 50 vol.-% solely stabilized by 
Hypermer 2296) showing unexpected mechanical behaviour. This unexpected behaviour is 
due to severe instabilities of the emulsion template during the processing. However, a 
polyMIPE monolith without significant phase separation was obtained, having the 
characteristic ‘polyHIPE’ morphology (Figure 50). Despite this problem the data point is 
included in the subsequent figures (triangle) for the sake of completeness, although it is not 
further considered when fitting to the data. 
Table 21: Summary of the semi-empirical Gibson and Ashby (GA-simple) fits using Equation 18 to 
the mechanical properties of polymer foams prepared by emulsion templating. 
Additionally, the solid elastic moduli Es at ρ* = 1 were graphically determined and C1 
calculated. 
Model E = C‘1∙ (ρ*)n E = C‘1 ∙ (ρ*)n + Elimit[b] 
Graphically 
determined 
calculated 
 
C‘1 = C1 ∙ Es  
[MPa][a] 
N Elimit [MPa] 
Es = E(ρ* = 1) 
[MPa] 
C1 = C‘1/Es 
GA simple  
(proposed ρ* = 0 – 0.34) 
148 ± 84 0.54 ± 0.04 --- 267 ± 1 0.55 ± 0.32 
GA simple  
(proposed ρ* = 0 – 0.29) 
339 ± 184 1.05 ± 0.38 --- 485 ± 1 0.70 ± 0.38 
GA simple  
(extended ρ* = 0 – 0.50) 
1258 ± 230 2.04 ± 0.21 --- 1248 ± 1 1.01 ± 0.19 
GA extended about Elimit 
(extended ρ* = 0 – 0.50) 
1978 ± 539 2.85 ± 0.41 37 ± 13 2001 ± 1 0.99 ± 0.27 
[a]  Under the assumption that C1 = 1 as proposed by Gibson and Ashby (GA); C‘1 = Es.  
[b]  Fitting is shown for the sake of completeness. The introduction of a limiting value (Elimit) for the fitting at low relative 
densities results in a more accurate fit for the whole density range. More details are shown below in the text. 
Excluding the above-mentioned sample (ρ* = 0.35, Hypermer 2296, triangle) from the 
fitting, a better fit of the elastic moduli (E) as a function of the relative density (ρ*) resulting 
in n = 1.05 and Es = 339 MPa (under the assumption that C1 = 1, Equation 18) is obtained 
(Figure 49 dashed line, Table 21). The mathematically derived power law exponent (n) fits 
then in-line to the estimated physical behaviour (a higher relative density results in a higher 
elastic modulus) but not to the power low exponent as stated by Gibson and Ashby (n = 2) 
[12] and the result at ρ* = 0.52 is not on the fitting line. In contrast, fitting of the elastic 
moduli (E) as a function to the elastic moduli extended relative density range (ρup to 0.5) 
results in a power law exponent of n = 2.04 ± 0.21 which is very similar to the power law 
exponent n = 2 as proposed by Gibson and Ashby (solid line in Figure 49). 
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Figure 50: Characteristic SEM images of polyH/M/LIPEs foams with different relative densities 
prepared from emulsion templates stabilized solely by Hypermer 2296 or a mixture of 
Hypermer 2296/B246sf (M), respectively. In the figures the used internal phase is 
noted.  
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This power law represents the whole data set fairly well but not specifically the values at 
low relative densities (Figure 49 bottom) and the characterized bulk polymer samples. The 
proposed power law exponent of n = 2 can only be obtained for a larger relative density 
range of up to ρ= 0.5. With C1 = 1, as proposed by Gibson and Ashby, the bulk polymer 
elastic modulus (Es) is expected to be Es = 1258 ± 230 MPa (Table 21) which is in the range of 
values stated in the literature and in good agreement with the graphically determined Es 
(Table 21). However, the mathematically and graphically determined elastic moduli Es are 
not in the range of the measured elastic modulus (Es) of the bulk polymers in this study 
(Es = 425 MPa without surfactant and Es = 197 MPa with surfactant Hypermer 2296; Table 
20). Therefore, the power law exponent n = 2 results in an overestimation of the theoretical 
elastic modulus (Es) of the pure bulk polymer (at ρ* = 1). Considering only the 
experimentally determined bulk polymer modulus n = 1 gives a better fit (Figure 49 top), but 
is then not representative of the remainder of the data (see sample at ρ* = 0.5). The 
proposed power law exponent n = 2 overestimates the data and underrepresents the values 
at low relative densities as also at high relative densities (bulk polymer samples). This 
indicates that the mathematical model developed by Gibson and Ashby has to be modified 
for a more accurate description of the elastic modulus as a function of the relative density. 
The Influence of Closed Porous Foam morphology on the Mechanical 
Properties  
The simplified mathematical model of Gibson and Ashby (Equation 17) only applies for 
completely open porous polymer foams and assumes that the polymer forming the struts of 
the pores carries the load. However, according to Ostwald phase theory [38] (Chapter 2.2) 
the openness of the polymer foams prepared via emulsion templating should decreased as 
the relative density increases caused by fewer contact areas between neighbouring 
droplets. Therefore, the polymer material separating neighbouring pores (thickness of pore 
faces or walls) should have an impact on the mechanical performance of the polymer foams. 
As can be seen in the SEM images (Figure 50), as the porosity of the polymer foams 
decreased, the number and size of pore throats decreased as well. This means that the 
struts were larger and that pore faces should affect the resulting mechanical properties. 
Therefore, the contribution of the pore faces on the mechanical behaviour of these polymer 
foams should be considered in the mathematical description by Gibson and Ashby. 
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However, in emulsion templates interfacial tension draws more material to the pore struts 
leaving only thin films to separate the droplets and, hence, after polymerization thin 
polymer films cover the faces of the pores in the polymerized emulsion templates. Usually, 
these films rupture easily (Figure 8b) by mechanical action. In this case, the stiffness of the 
polymer foam should be entirely determined by the pore edges/struts and the equations 
are the same as those describing open porous foams (Equation 18). However, the reduced 
openness of polymer foams prepared from emulsion templates containing lower internal 
phase volume ratios has been verified by gas and mercury permeability measurements, 
showing that the limiting pore throat diameter of polyL/M/HIPEs is decreased with 
increased relative density [50]. The reduced permeability is an indication that the pore wall 
effect becomes thicker as the pore throats becomes smaller within resulting in increased 
mechanical properties due to higher stability of the pore units. However, Gibson and Ashby 
[12] stated that most of the closed pore polymer foams can be considered as open porous 
polymer foams and, therefore, the mathematical description for open porous polymer 
foams (Equation 18) can be used. It needs to be verified whether the pore walls/faces affect 
the resulting mechanical properties or not, especially, for an extended relative density range 
(ρ* > 0.3). 
 
Figure 51:  Schematic unit pore for a closed pore foam of cubic symmetry. The pore is comprised of 
edges/ struts of length (l) and thickness (t), respectively. Pore faces are covered by 
membranes of thickness (tf). (Image adapted from Ref. [12]). 
Many foam materials have thick pore faces (Figure 51) and a significant fraction of the 
polymer resides in the pore walls/faces. Thus, in order to describe the mechanical behaviour 
of closed pore polymer foams, Equation 17 must be modified as described in detail below. 
Gibson and Ashby introduced an openness parameter (φ), which defines the relative 
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openness of the pore faces. For an open porous foam the openness parameter is φ = 1, 
while a more closed pore foam has φ < 1 and φ = 0 for completely closed porous polymer 
foams. Then, the elastic modulus (E) of a closed pore foam is the sum of three contributions 
as defined by Gibson and Ashby [12] as follows: 
𝐸
𝐸s
= 𝜑2 ∙  (
𝜌f
𝜌m
)
2
+  (1 − 𝜑)
𝜌f
𝜌m
+  
𝑝0(1−2𝜐
∗)
𝐸𝑠(1−𝜌f/𝜌m)
     , Equation 19 
where the first term (𝜑2  ∙ ( 𝜌f
𝜌m
)
2
) represents pore edge/strut bending for open pore foams. The 
second term ((1 − 𝜑) 𝜌f
𝜌m
) represents membrane (pore face/wall) stretching, which is the result 
of strut flexure causing the pore walls to deform. According to Gibson and Ashby, the final 
term ( 𝑝0(1−2𝜐
∗)
𝐸𝑠(1−𝜌f/𝜌m)
) represents the contribution of pressure enclosed in the closed pores 
(pressure term) and, where υ* is the Poisson's ratio22 of the foam. When p0 is small gas 
pressure effects are negligible. Generally, every material inside (open) porous foams 
contributes to the elastic modulus (E), significantly, if the material phase within the pores 
has a high viscosity. Furthermore, if the strain rates used for mechanical testing are 
exceptionally high the resulting elastic modulus is directly influenced by the strain rate [12]. 
However, the compression strain rates during the mechanical testing reported in this thesis 
were low (1 mm/min) and the viscosity of air within the polymer pores is also very low. 
Additionally, all pores within the investigated polymer foams can be regarded as open 
porous as even closed pores usually have small interconnects. Therefore, the pressure term 
can be neglected and Equation 19 reduces to Equation 20. 
𝐸
𝐸s
≈ 𝐶1𝜑
2 (
𝜌f
𝜌m
)
𝑛
+ 𝐶2 (1 − 𝜑)
𝜌f
𝜌m
     . Equation 20 
Note that the power law exponent is still termed n as that parameter is not exactly known 
and the proportionality constants C1 and C2 are introduced again, representing all other 
dependent properties of the polymer foams. Furthermore, Equation 20 reduces to Equation 
18 for open porous polymer foams when φ = 1 (fully open). 
The working equation to determine the influence of the factors; openness, membrane 
stretching, pressure effect is as follows:  
                                                 
22  Poisson‘s ratio describes thefact that when a material is compressed in one direction it usually tends to 
expand in the other two directions.  
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𝐸 = 𝐶1
′ ∙ 𝜑2 (
𝜌f
𝜌m
)
𝑛
+ 𝐶2
′(1 − 𝜑)
𝜌f
𝜌m
+
𝑝o(1−2𝜈
∗)
(1−
𝜌f
𝜌m
)
     , Equation 21 
where Cx
'  (x = 1,2) represents the proportionality constants multiplied by the elastic 
modulus of the bulk polymer (Es). The extended Gibson and Ashby equation (Equation 21) 
was fitted to the experimental mechanical data, obtained from compression tests of 
polymer foams prepared via emulsion templating. However, as it turned out during the 
fittings the three terms of Equation 21 need to be separately fitted as otherwise the fit does 
not converge. Subsequently, the results from separate fits were set constant (no standard 
deviation) and further fittings of the remaining terms were carried out. The best fits are 
summarized in Table 22. The graphical determination of Es from the fit at ρ* = 1 and the 
subsequent calculation of C1 resulted in values of C1 of around C1≈ 1 whereby large standard 
deviations are present (Table 22). However, the solid elastic bulk modulus (Es) cannot be 
extracted exactly from 𝐶1
´  and 𝐶2
´  as the proportionality factors (C1 and C2) are not known. 
Gibson and Ashby determined that C1 = 1 for completely open porous polymer foams and 
therefore Es = 𝐶1
´ = (1977 ± 210) MPa which is also in the range of 𝐶2
´  for n = 2.85 (Table 22). 
In addition, these values are again in the range of values reported in the literature but not in 
the range of the values determined experimentally for bulk polymers which means that C1 is 
not necessarily C1 = 1. For example, fits using a defined Es (Es = 425 MPa or Es = 197 MPa; 
bulk polymer values) resulted in C1,2 >> 1. 
Modification of the Model by Gibson and Ashby 
When fitting Equation 21 to the experimental data, the openness factor was found to be 
φ ≈ 1 for all polymer foams (Table 22). Thus, all of the polymer foams examined can be 
regarded as ‘fully open’ porous and the pore wall effects on the mechanical properties are 
negligible. Therefore, the second and third term of Equation 21 can be set to zero. As a 
result, this transforms Equation 21 to Equation 18 but it has already been shown (see Figure 
49) that Equation 18 does not accurately describe the relationship between elastic modulus 
and relative density. As described in Chapter 4.2.1, the model by Gibson and Ashby (GA 
model, Equation 17) needs to be modified for polymer foams prepared via emulsion 
templating as various synthesis parameters can influence the properties of resulting 
polymer foams (e.g. plasticization). These properties may be different for extruded or blown 
polymer foams, which were investigated by Gibson and Ashby. The proposed parabolic 
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relationship (power law, n ≈ 2), whilst being a fairly good representation of experimentally 
determined compression moduli and relative density, predicts a value of the elastic modulus 
for the bulk polymer (ES) which is far too high and underrepresents values at low relative 
densities (extremely porous polyHIPE).  
 
Figure 52: Schematic sketch of the simple GA-model (grey dotted line; Equation 17) and the 
extended GA-model (black solid line; considering Equation 24) for polyL/M/HIPEs. Here, 
Elimit indicates a finite limiting elastic modulus value and ρ*limit the lowest possible 
relative density of polymer foams, which could be characterized using conventional 
compression tests. Furthermore, the anticipated steep decrease of the elastic modulus 
below ρ*limit (black dotted line) is observed for real polyHIPEs and cannot be described 
by the models proposed by Gibson and Ashby (e.g. Equation 17). The elastic modulus at 
high relative densities (extended GA-model) is mathematically corrected by the fact 
that the openness factor is a function of the relative density (φ = f(ρ*); higher relative 
densities result in smaller openness factors). 
In order to correct this, limiting values for high and low relative densities are introduced in 
this thesis (Figure 52). For very low relative densities the simple GA-model is not able to 
describe accurately the behaviour of the elastic moduli of extremely porous polyHIPEs 
(compare Figure 49 bottom). This is due to the unique morphology of polyHIPEs where even 
for polyHIPEs with extremely low relative densities (high porosities) a finite elastic modulus 
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must exist. For the extremely low relative density range another mathematical model needs 
to be considered. In details; as can be seen in Figure 49 bottom, all values of the elastic 
modulus in the range of low relative densities are higher than predicted by the simple GA-
model. Therefore, it must be assumed that for ultra-low relative densities another 
mathematical relationship exists. However, this unknown mathematical relationship was 
neglected by introducing a theoretical finite limiting value for the elastic modulus (Elimit) at a 
relative density of zero. As an experimental example it can be seen in Table 20 that polyHIPE 
samples prepared from HIPEs which had > 80 vol.-% as an internal phase could not be 
measured since the mechanical properties was low. This means the critical relative density 
(ρ)exist shortly after 𝜌limit
*  < 0.12. If Equation 18 (simple GA-model) is modified by 
introducing a limiting elastic modulus value (Elimit) the data can be fitted fairly well over the 
whole density range (Equation 22).  
𝐸 = 𝐶1
′ (
𝜌f
𝜌m
)
𝑛
+ 𝐸limit   Equation 22 
The pressure term, as indicated in Equation 21, is included in the mathematically defined 
limiting value (Elimit) in Equation 22. Both terms (Elimit and the pressure term) cannot be 
mathematically separated for curve fitting as they are additive. Therefore, the pressure term 
in Equation 21 is named Elimit in all forthcoming fits. The modified GA fitting with Elimit 
according to Equation 22 is also summarized in Table 21 and can be seen in Figure 53. 
Furthermore, as the density range for the models is extended to higher relative densities 
(0.3 ≥ ρ ≤ 1), a modification of the mathematical model is required to describe accurately 
the mechanical behaviour at high relative densities. The openness factor (φ) was 
determined to be φ ≈ 1, meaning that all prepared polyL/M/HIPEs possess a fully open 
porous polymer foam morphology. However, as seen in the SEM images (Figure 50) the 
openness and porosity change with varying internal phase volume of the emulsion 
template. When the internal phase volume of the emulsion template was decreased, fewer 
and smaller pore throats developed in the resulting polymer foams and, therefore, 
membrane/wall effects cannot be neglected as the pore walls became thicker. The changing 
openness factor (φ) for polyL/M/HIPEs with different relative densities must also be 
considered in the Gibson and Ashby model, where the openness factor is normally regarded 
to be constant. Theoretically, from geometrical considerations of non-deformable and rigid, 
mono-dispersed spheres the openness should change at the critical ratios (Φ*) of 0.74 and 
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0.34, respectively [38]. Internal phase volume ratios exceeding 0.74 (polyHIPEs) are 
supposed to result in fully interconnected polymer foams (fully open porous, φ = 1), which 
was also assumed by Gibson and Ashby. However, when the internal phase ratio is lower 
than 0.34 (polyLIPEs) there should statistically be no contact areas between the droplets, 
and, therefore, no pore throats should be present in the resulting polymer foams (fully 
closed porous, φ = 0). This means that with increasing relative density of the polymer foams 
the contact areas between the pore, which were templated by droplets in the emulsion 
template, should decrease and, thus, the openness should decrease with increasing relative 
density. Therefore, the openness factor (φ) itself is a function of the relative density causing 
the elastic modulus to be dependent not only on the relative density but also on the 
openness factor (Equation 23):  
𝐸
𝐸𝑠
= 𝑓(𝜌∗)  ;    𝜑 = 𝑓(𝜌∗)     =>     
𝐸
𝐸𝑠
= 𝑓(𝜌∗, 𝜑)     . Equation 23 
In order to account for the change of the openness factor (φ) as a function of the relative 
density (ρ) of the polymer foams, φ was numerically expressed as a Boltzmann function 
(Figure 52). The Boltzmann function takes into account the change in openness considering 
the mechanistic Ostwald model [38]; the openness factor (φ) of a polymer foam should 
decrease with decreasing internal phase volume ratio of the respective emulsion templates 
used to produce the macroporous polymer foams. For this, the openness factor for polymer 
foams in the relative density range from 1.00 to 0.74 (polyHIPEs) was assumed to be φ = 1 
and in the relative density range from 0.34 to 0.00 to be φ = 0 (polyLIPEs), while in the 
relative density range from 0.74 to 0.34 (polyMIPEs) it was assumed to decrease linearly. 
The fit of the openness factor resulted in the following Boltzmann function type equation; 
𝜑 = −0.01776 +
1.03921
1+𝑒(𝜌
∗−0.45927)/0.07595     . Equation 24 
Subsequently, Equation 24 was used to describe φ = f(ρ*) in Equation 21. As can be seen in 
Figure 53, this modified function (black solid line) describes the determined mechanical 
properties better than the simplified Gibson Ashby model (Equation 18, n = 2.04), 
particularly, in the range of the limiting values at low and high relative densities (Figure 52). 
Once again for the conventional simple Gibson-Ashby fit, the power law exponent n was 
determined to be n = 2.04 ± 0.21 which resulted in 𝐶1
´ = 1258 ± 230 MPa (Table 2 and dashed 
line in Figure 53).  
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Figure 53:  Elastic moduli (E) of macroporous polymer foams prepared via emulsion templating as 
a function of relative density fitted by the extended Gibson-Ashby model using a 
Boltzmann function describing evolution of the openness factor and Elimit (solid line) 
compared to the fitting of the simplified Gibson-Ashby model (dotted line, n = 2.04 in 
Equation 18) and the modified simplified Gibson-Ashby model (only modified by Elimit, 
dashed line, n = 2.85 in Equation 22). The elastic moduli of the pure bulk-polymers (Es) 
are included in the plot (circles). The higher and lower values indicate the bulk polymer 
surfactant-free and containing surfactant, respectively. The value marked by a triangle 
was neglected during the fitting for the reasons stated earlier.  
In contrast, when the GA model was modified by introducing a limiting elastic modulus Elimit 
a better fit of the actually measured data was obtained, particularly, in the low relative 
density range resulting in a power law exponent of n = 2.8523, C1
´ = 1978 ± 539 MPa and 
Elimit = 37 ± 13 MPa (dotted line in Figure 53). The Boltzmann function was used to describe 
the changes of the pore morphology and, therefore, the openness factor (φ) as function of 
the relative density (ρ*). As can be seen in Figure 53 (solid line), after introducing the 
Boltzmann function and a limiting elastic modulus Elimit an elastic modulus for the bulk 
                                                 
23  As the fit does not converge and the errors are larger than the obtained values, standard deviation of 0 
indicates fixed values and must be provided for reliable fitting. 
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polymer of Es ≈ 800 MPa was obtained, which is closer to the actually measured elastic 
modulus (Es) of pure bulk poly(DVB-co-ST) polymer (ranging from Es = 197 MPa to 425 MPa, 
Table 20). A limiting elastic modulus of Elimit = (37 ± 13) MPa for extremely low relative 
densities was observed, which is in agreement with the earlier proposed theory of limiting 
elastic moduli (Table 22). The best fit of the experimental data using the Boltzmann function 
and Elimit modified power law relationship (modified GA-model, Equation 24 in Equation 21) 
was obtained for n = 2.8523 resulting in C’1 = (1219 ± 585) MPa, C’2 = (751 ± 67) MPa and 
Elimit = (30 ± 11) MPa (Table 22). For the sake of completeness, Table 22 also summarizes the 
results of the fits using a power law exponent n = 2.00 as proposed by Gibson and Ashby. 
Comparing the results for the fits using n = 2.85 and n = 2.00 clearly indicates that n = 2.85 
describes the development of the elastic modulus as function of the relative density more 
accurately if a limiting value (Elimit) for the lowest relative density and the Boltzmann 
function for high relative densities are considered (modified GA-model). To highlight, the 
modified GA-model results in a more accurate description of the elastic moduli (E) of 
polymer foams prepared via emulsion templating as a function of their relative densities.  
Table 22:  Selected fit results derived from the simple (GA simple, Equation 18) and the simple 
modified Gibson and Ashby model (only modified by Elimit, GA simple modified, 
Equation 21) for polymer foams prepared by emulsion templating and, additionally, 
considering the Boltzmann function (GA modified) for the openness factor according to 
Equation 24. In addition, the solid elastic moduli Es at ρ* = 1 were graphically 
determined and C1 and C2 calculated (if available). 
Sample 
(ρ = 0 – 0.5) 
 E = (C1
' ∙φ
2
 (ρ*)
n
 +  C2
'  (1 - φ)ρ* + Elimit) 
Graph. 
determined 
calculated 
φ n 
C’1 = C1∙Es 
[MPa] 
C’2 = C2∙Es 
[MPa] 
Elimit 
[MPa][b] 
Es = E(ρ= 1) 
[MPa]
𝑪𝟏 =  
𝑪𝟏
´
𝑬𝒔
 C2=
C2
´
Es
 
GA simple 
(Eq.18) 
--- 2.04 ± 0.21 1258 ± 230  --- --- 1250 ± 1 1.01 ± 0.18 --- 
GA simple 
(Eq.18) 
--- 2.85 ± 0.41 1979 ± 530 --- 37 ± 13 2001 ± 1 0.99 ± 0.26 --- 
GA simple 
extended 
0.97 ± 0a 2.00 ± 0 [a]  1222 ± 98 0 9 ± 11 1157 ± 1 1.06 ± 0.09 --- 
GA simple 
modified 
0.97 ± 0.09 2.85 ± 0 [a]  1977 ± 210 1487 ± 1368 29 ± 24 1971 ± 1 1.00 ± 0.11 0.75 ± 0.69 
GA modified Boltzmann 2.00 ± 0 [a]  674 ± 210 819 ± 52 31 ± 13 866 ± 1 0.78 ± 0.24 0.95 ± 0.06 
GA modified Boltzmann 2.85 ± 0 [a]  1219 ± 585 751 ± 67 30 ± 11 828 ± 1 1.47 ± 0.71 0.91 ± 0.08 
[a] As the fit does not converge and the errors are larger than the obtained values, standard 
deviation of 0 indicates fixed values and must be provided for reliable fitting.  
[b] According to Equation 21 the pressure term is rewritten as Elimit as stated in Chapter 4.2.1. 
 
 
4. EXPERIMENTAL RESULTS AND DISCUSSION 
 
154 
4.2.2. Elastic Crush Strength of polyL/M/HIPEs 
When a porous solid is loaded in compression, the pore walls first flex. When the vertical 
load is small, the compressed units are laterally stable and small transverse displacements 
tend to self-correct. As the load is increased, the specimen column becomes unstable and 
lateral displacements tend to remain. This instability is termed ‘lateral buckling’ and the 
load to cause this is called ‘Euler buckling load’. When this load is reached, a layer of pores 
in a compression specimen will buckle initiating elastic collapse. The stress at which this 
occurs is termed the elastic crush strength (σy) at yield and is the first anomaly of the linear 
elastic region. The relationship between the elastic crush strength (σy) and the relative 
density (ρ*) can be defined as 
𝜎y = 𝐸s ∙ 𝐶3 ∙ (𝜌
∗)𝑛     . Equation 25 
The power law exponent (n) should again be n = 2 according to Gibson and Ashby and 
accounts for buckling dominated behaviour [12, 420]. Gibson and Ashby have refined and 
reported a modified equation (Equation 26) considering density effects ((1 + (𝜌∗)1/2)2) and 
pressure effect (Δp) 24 in closed porous foams, which cannot be neglected. This results in; 
𝜎y = 𝐸s ∙ 𝐶3(𝜌
∗)𝑛 ∙ (1 + (𝜌∗)
1
2)
2
+ Δ𝑝     . Equation 26 
The correction term for density effects ((1 + (𝜌∗)1/2)2) is negligible when ρ<0.3. Gibson 
and Ashby fitted Equation 26 to experimental data obtained from the literature and 
determined the proportionality constant (C3) for polyethylene, polyurethane and latex 
rubber foams to be C3 = 0.03 [422]. Equation 25 does not agree with experimental data 
determined in this thesis (n = 1.42, Table 23, Figure 54 dashed line), especially, since the 
experimentally determined values are not on the calculated fitting line (Figure 54 bottom). 
Therefore, Equation 26 was used for more accurate fitting as stated earlier. Initially, the 
power law exponent n = 2.85 was chosen and kept constant for fitting as it gave the best 
results when used earlier to fit the elastic moduli (Table 21).  
                                                 
24  Note that the term Δp is very similar to the newly introduced term Elimit for low relative densities with 
respect to the evolution of the elastic modulus as a function of the relative density of polymer foams 
prepared via emulsion templating. 
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Figure 54:  Elastic crush strength (y) at yield as function of relative density of polyL/M/HIPE foams 
prepared by polymerization of emulsion templates stabilized by a single surfactant (filled 
squares) and a surfactant mixture (empty squares). The value marked by the triangle was 
neglected for fitting as stated earlier in the text. Additionally, the results of fits (Equation 25 and 
26) are shown; the solid line represents the fit using n = 2.85, neglecting the values determined 
for bulk polymers (surfactant-free and surfactant-containing samples) and the value at ρ* = 0.53 
as these values are out of the range for which the GA-model is applicable (far beyond 
ρ*y,max.(mix)). The dotted line represents the fit considering the compression strength 
determined for the surfactant-free bulk polymer sample (n = 1.91). The fit to all experimental 
data using the standard GA-model (n = 1.42) is represented by the dashed line.  
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Table 23:  Fit results of the proposed Gibson and Ashby model for the elastic crush strength (σy) 
for polymer foams prepared via emulsion templating (Equation 26). 
     Graphically determined 
Sample 
elastic crush strength GA 
C 𝟑
´ = Es ∙ C3 
[MPa] 
n 
∆p 
[MPa][b] 
C
al
cu
la
te
d
 
E s
 =
 C
’ 3
/0
.0
3
 
[M
P
a]
 
σ
y
 
 ρ
*=
 1
) 
[M
P
a]
 σy ρ*
= 0) 
[MPa] 
(ρ* = 0.00 – 0.52)  
dashed line  
(average, Eq. 25) 
8.3 ± 2.04 1.42 ± 0.26 --- 277 36 0 
(ρ* = 0.00 – 0.41)  
solid line 
35.2 ± 2.3 2.85 ± 0[a] 0.8 ± 0.4 1173 142 0.8 
(ρ* = 0 – 1)  
dotted line 
15.3 ± 0.2 1.91 ± 0.07 0.0 ± 0.5 510 61 0.4 
(ρ* = 0 – 1) 9.1 ± 4.2 1.42 ± 1.78 0.0 ± 14.6 303 36 0 
[a] Standard deviation of 0 indicates fixed values, as otherwise the function does not converge.  
[b] The term Δp is not necessarily a pressure term. It can be also possible that Δp is a finite liming 
value at low relative densities (σy,limit). For comparison see Chapter 4.2.1 (introduction of Elimit).  
 
However, a power law exponent of n = 2.85 significantly overestimates the measured elastic 
crush strength of the bulk polymers (solid line in Figure 54, σy(ρ*=1) = (142 ± 1) MPa, Table 
23). Nevertheless, at low relative densities Equation 26 fits well caused by the pressure term 
∆p which is similar to the earlier introduced Elimit value. When the bulk polymer sample 
without surfactant is considered (dotted line) a power law exponent of n = 1.91 ± 0.07 and 
Δp = (0.0 ± 0.5) MPa results which is quite similar to the proposed power law exponent of 
n = 2 by Gibson and Ashby. However, since the surfactant might act as a plasticizer the 
power law exponent (n) could still be overestimated requiring an additional function in the 
power law to describe more accurately the relationship between the elastic crush strength 
at yield and the relative density (similarly to the Boltzmann function for the evolution of the 
elastic modulus, Figure 54 top). The proportionality constant C3 was empirically determined 
by Gibson and Ashby to be C3 = 0.03. However, it is not clear whether the surfactant 
influences the elastic crush strength at yield or not. If not, then the proportionality constant 
C3 = 0.03 can be confirmed and the calculated elastic modulus (Es = C3’/C3) is in the range of 
the measured value (Es = 425 MPa, for the surfactant-free bulk polymer sample, Table 21). 
Furthermore, the calculated elastic crush strength at yield σy = 61 MPa (for the best fit with 
n = 1.91, Table 23) is identical with the experimentally determined value of the surfactant-
free bulk polymer sample (Table 21). Nevertheless, it seems likely that the surfactant does 
influence the elastic crush strength (σy) at yield. Therefore, a modified function has to be 
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developed in order to describe the relationship between the crush strength at yield and the 
relative density of the polymer foams prepared by polymerization of surfactant stabilized 
emulsion templating more accurately. Additionally, as can be seen in Figure 54 bottom, 
limiting values exist which were neither observed in the past nor reported in the literature 
so far. In the case of polyH/MIPEs made from H/MIPEs stabilized by the surfactant 
Hypermer 2296, the critical elastic crush strength σy,max(single) = 4.0 MPa was observed at 
ρ*y,max(single) ≈ 0.25. In the case of polyL/M/HIPEs made form L/H/MIPEs stabilized by the 
surfactant mixture Hypermer 2296/B246sf, the critical elastic crush strength 
σy,max(mix) = 11 MPa was observed at ρ*y,max(mix) ≈ 0.38 (Figure 54) which is in good 
agreement with the value of the bulk polymer sample containing surfactant. The maximum 
elastic crush strengths at yield (σy,max) occur above certain relative density values for both 
set of samples investigated. This occurs for both sets of samples at different relative 
densities (ρ*y,max(single) and ρ*y,max(mix) for the emulsion templates stabilized by the single 
surfactant Hypermer 2296 and the surfactant mixture Hypermer 2296/B246sf, respectively). 
The maximum values correlated well with the beginning (intrinsic) instability of the 
emulsion templates. When the emulsion templates become visually unstable, the elastic 
crush strength (σy) of the resulting polymer foams became constant (σy,max).   
To conclude, the above mentioned limits were neither observed in the past nor reported in 
the literature so far. However, this suggests that a particular surfactant can stabilize an 
emulsion template up to a certain (maximum) relative density. This also means that the 
surfactant mixture (BM) is better suited to stabilize emulsion templates with higher internal 
phase volume ratios than the single surfactant Hypermer 2296. 
4.2.3. Ultimate Crush Strength of polyL/M/HIPEs – Plastic Collapse and 
Densification 
Polymer foams which have a plastic yield point can have a long horizontal plateau region 
when loaded. The mechanical behavior of such polymer foams was also described by Gibson 
and Ashby using Equation 27 (for a proposed relative density range between 
0.04 < ρ* < 0.30). This equation was already extended by Gibson and Ashby for the density 
correction term of (1 + (ρ*)1/2); 
σu = C4 ∙ (ρ
*)
3
2 ∙ [1 + (ρ*)
1
2]  ∙ σu
*   , Equation 27 
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where σu is the ultimate crush strength (plastic collapse strength) of the polymer foam, σu
* 
the yield stress of the solid material if the struts have the same strength as the bulk 
material, ρ* the relative density of the foam and C4 = 0.23 the proportionality constant as 
stated by Gibson and Ashby. They found that the mechanical behavior of both open and 
closed porous foams made from different materials fit this equation. Additionally, they 
reported that the ultimate crush strength (σu) did not relate to the elastic modulus (E) and 
that the collapse stress was not affected by average pore size and, therefore, depends only 
on the relative density. As Equation 27 contains constant power law exponents, the working 
equation to fit the experimentally obtained data was modified to: 
σu = C4∙ σu
* ∙ (ρ*)
n
 = C4
'  ∙ (ρ*)
n
     . Equation 28 
The term (1 + (ρ*)1/2) in Equation 27 was not further considered as this is mathematically 
included in C4
'  and (ρ*)n of Equation 28. The parameter C4
'  contains the ultimate crush 
strength of the bulk polymer (σu
*) and all other proportionality constants. Figure 55 shows 
the measured data and the fit of the modified model to the data. The results of the fits and, 
additionally, the values calculated for σu
* and C4 are summarized in Table 24.  
The fit of Equation 28 to the data results in C4
'
 = 61 ± 10 MPa and n = 1.7 ± 0.2. The power 
law exponent n = 1.7 ± 0.2 is equivalent to the power law exponent n = 1.5 proposed by 
Gibson and Ashby. Therefore, the density correction term as proposed by Gibson and Ashby 
(Equation 27) is not necessarily needed to describe the evolution of the ultimate crush 
strength as a function of the relative density. However, the ultimate crush strength of the 
surfactant-free poly(DVB-co-ST) bulk polymer was directly determined to be σu
* = 61 MPa 
(Table 20) and was fitted well by Equation 28 (Figure 55 and Table 24). The proportionality 
constant of C4 = 0.23 proposed by Gibson and Ashby cannot be confirmed (Table 24).  
Assuming C4 = 0.23 the fitting of Equation 27 (constant power law exponents) to the 
experimental data results in an overestimation of the ultimate crush strength (σu
* ) of the 
solid bulk polymer (Table 24). It is obvious again that the surfactant used in the emulsion 
template impacts the mechanical properties of polyL/M/HIPEs made from the respective 
emulsion templates. In the case of polyM/HIPEs made from emulsion templates stabilized 
using only one surfactant (Hypermer 2296) the ultimate crush strength (σu) increased with 
increasing relative density and became constant when the formerly emulsion template 
4. EXPERIMENTAL RESULTS AND DISCUSSION 
 
159 
became unstable. The resulting maximum ultimate crush strength value was 
σu,max(single) = 5 MPa at a relative density of ρu,max
* (single) = 0.3 for the respective 
polyH/MIPEs produced from Hypermer 2296 emulsion templates (Figure 55). 
 
Figure 55:  Ultimate crush strength of poly(DVB-ST)M/HIPEs made by polymerization of emulsion 
templates stabilized using the single surfactant Hypermer 2296 (single, filled squares) 
and the surfactant mixture (empty squares) as function of relative density. 
Furthermore, the maximum ultimate crush strengths for polyM/HIPEs produced from 
emulsion templates stabilized using Hypermer 2296 (σu,max(single)) and a surfactant 
mixture (σu,max(mix)) as also the respective maximum relative densities (ρu,max
* (single) 
and ρu,max
* (mix), respectively) are pointed out. The triangle was neglected for fitting as 
described earlier in the text. Additionally, the ultimate crush strengths of the bulk 
polymers are included (circles). The higher and lower values indicate the crush 
strengths of surfactant-free and surfactant containing bulk polymer, respectively.   
For polyL/M/HIPEs made from emulsion templates stabilized using the surfactant mixture 
no maximum ultimate crush strength value (σu,max) could be determined clearly. However, 
the maximum limiting ultimate crush strength might be assumed to be σu,max(mix) = 20 MPa 
at relative density of ρu,max
* (mix) = 0.5, as this fits well the value measured for the surfactant 
containing bulk polymer sample (Figure 55). To conclude, the relationship between the 
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ultimate crush strength (σu) and the relative density (ρ*) can be described by a power law 
function. Maximum values for the ultimate crush strength at defined relative densities were 
obtained, which are correlated to the ability of the surfactant used to stabilize the former 
emulsion template. 
Table 24:  Summary of the fits of the ultimate crush strengths σu of poly(ST-DVB)L/M/HIPE foams 
as function of the relative density ρ* (Equation 27 and Equation 28). Additionally, the 
ultimate crush strength calculated using C4 = 0.23 (as stated by Gibson and Ashby), the 
graphically determined ultimate crush strength and the respective calculated 
proportionality constant C4 are reported.  
Model 
 C4
'  =  C4∙ σu
* 
[MPa] 
n 
calculated  
from fitting 
graphically 
determined 
calculated 
from graphical 
determination 
σu
*  = 
 C4
'
0.23
  
[MPa] 
σu
*  (ρ* = 1) 
[MPa]
C4 = 
 C4
'
σu
*

σu = C4 ∙ (ρ
*)
3
2 ∙ [1 + (ρ*)
1
2]  ∙ σu
*  32 ± 3 --- 138 ± 11 63 ± 1 0.50 ± 0.02 
σu =  C4
'  ∙ (ρ*)
n
 61 ± 10 1.7 ± 0.2 265 ± 43 61 ± 1 1.0 ± 0.2 
4.2.4. Capacity of polyL/M/HIPEs to Absorb Energy  
Usually, only the elastic modulus (E) and the ultimate crush strength (σu) are referred in the 
literature. However, this does not help to classify properties of different polymer foams 
since the correlation between strain and yield of polymer foams (σy) is not considered. 
Different deformation mechanisms (failure) result in different energy of deformation (areas 
under the stress-strain plot, ‘work of fracture’). It can be seen in Figure 48 that the shape of 
the stress-strain curves obtained from polyL/M/HIPE foams vary, indicating different 
mechanical response under compression. For example, the slope and length of the linear 
region until the elastic crush strength (σy) and the ultimate crush strength (σu) were reached 
differed for polyHIPEs, polyMIPEs and polyLIPEs. Additionally, comparing the elastic crush 
strength at yield (σy) and the ultimate crush strength (σu) as function of the relative density 
(Figure 54 and Figure 55) it can be seen that the span or difference between the values of 
both strengths change (or compare Figure 57). The discontinuity in the relationship between 
the elastic crush strength at yield and the ultimate crush strength as a function of the 
relative density corresponds to a change of the mechanical behaviour of the samples from 
elastic-brittle to plastic-brittle (Figure 48) with increasing relative density. This is not 
consistent with the models proposed by Gibson and Ashby. The maximum values for the 
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ultimate crush strength (σu,max) and the elastic crush strength (σy,max) also indicate that the 
deformation mechanism depends indirectly on the ability of a particular surfactant to 
stabilize an emulsion template. In order to take this and the energy absorption capacity into 
account, the energy absorption capacities were calculated up to the mechanical strain 
where the polyL/M/HIPEs irreversibly change and eventually break. The modulus of 
resilience (MR) was calculated by integration of the stress-strain plot from zero to the elastic 
crush strength at yield (σy). The modulus of resilience (MR) was defined as ability to absorb 
energy without permanent deformation of the sample. The modulus of toughness (MT) was 
defined as the area under the stress-strain curve from zero to the ultimate crush strength 
(σu) and corresponds to the ability of macroporous polymer foams to absorb energy without 
breaking. The modulus of resilience (MR) and the modulus of toughness (MT) as a function of 
relative energy are shown in Figure 56. Furthermore, a comparison of both moduli is given 
in Figure 57. In this case, the mechanical properties of the polymer foams are clearly defined 
and can be easily compared for different kind of materials.  
For macroporous polymer foams prepared by polymerization of emulsion templates 
stabilized using the surfactant Hypermer 2296 a similar shape of the modulus of toughness 
(MT) and the modulus of resilience (MR) as a function of the relative density was observed 
(Figure 56). Assuming a power law relationship (Equation 29) and excluding the values 
beyond the maximum limiting value ρ*max,2296 for the Hypermer 2296 stabilized set of 
samples, a power law exponent n = 1.9 ± 0.2 and proportionality constant 
C5’ = (355 ± 75) MPa ∙ % were determined for the modulus of toughness (MT, Table 25):  
𝑀T = 𝐶5
′ ∙ (
𝜌f
𝜌m
)
𝑛
= 𝐶5
′ ∙ (𝜌∗)𝑛   . Equation 29 
The relationship for the modulus of resilience (MR) was similar to that of the elastic crush 
strength (σy, Figure 54) as both parameters are directly related to the elastic modulus (E). 
The fit of the power law relationship describing the modulus of resilience as a function of 
relative density (Equation 30) results in a power law exponent n = 2.1 ± 0.3 and a 
proportionality constant C6’ = (193 ± 58) MPa ∙ %: 
𝑀R = 𝐶6
′ ∙ (
𝜌f
𝜌m
)
𝑛
= 𝐶6
′ ∙ (𝜌∗)𝑛   . Equation 30 
The results of the fits to the examined moduli of toughness (MT) and resilience (MR) as 
function of relative density (ρ*) are summarized in Table 25 and clearly indicate that the 
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shape of both can be described by a power law relationship with n ≈ 2. The modulus of 
resilience (MR) and the modulus of toughness (MT) are obviously correlated to the relative 
density (ρ*). 
Table 25:  Fit results of the modulus of resilience (MR) and toughness (MT) as function of relative 
density (ρ*) for polymer foams prepared by emulsion templating according to the 
power law functions expressed by Equation 29 and Equation 30. 
𝑴𝐓  = 𝑪𝟓
′ ∙ (𝝆∗)𝒏 𝑴𝐑  = 𝑪𝟔
′ ∙ (𝝆∗)𝒏 
N 𝑪𝟓
´  [MPa ∙ %] n 𝑪𝟔
´  [MPa ∙ %] 
1.9 ± 0.2 355 ± 75 2.1 ± 0.3 193 ± 58 
 
In more detail, a maximum limiting modulus of toughness MT,max ≈ 20 MPa·% was 
determined for macroporous polymers with relative densities ρ*max,2296 > 0.25 prepared by 
polymerization of Hypermer 2296 stabilized emulsion templates. In contrast, no maximum 
limiting value MT,max can be observed for the macroporous polymers prepared from 
emulsion templates stabilized by the surfactant mixture (BM, Figure 56 top). Maximum 
limiting values were observed for the modulus of resilience (MR) of both sets of samples 
(Hypermer 2296 and surfactant mixture (BM)). For samples prepared from emulsion 
templates stabilized by the single surfactant Hypermer 2296, a maximum limiting modulus 
of resilience MR,max ≈ 8.5 MPa · % for relative densities ρ*max,2296 > 0.20 was obtained. The 
samples stabilized by the surfactant mixture (BM) show a maximum limiting modulus of 
resilience MR,max ≈ 29 MPa · % for relative densities ρ*max,Mix > 0.41. Thus, a higher MR,max was 
determined for samples prepared from emulsion templates stabilized by the surfactant 
mixture (BM). These maximum limiting values (as indicated in Figure 56) can be explained by 
the intrinsic instability of the emulsion templates and, therefore, subsequent different 
physico-chemical properties and morphological parameters of the resulting polymer foams 
(see more details in Chapter 4.2.5). Considering Figure 57, where both moduli (modulus of 
resilience (MR) and toughness (MT)) are plotted, it can be seen that there are two transition 
regions between relative densities of 0.27 and 0.4 where the mechanical behaviour abruptly 
changes. In the case of polyHIPEs both moduli (MR and MT) are low and close together 
indicating that no plastic behaviour occurs (σy = σu) as there is an immediate transformation 
into the plateau region (see region II in Figure 43). Here, the foam structure properties 
superimpose the chemical properties of the polymer material making up the polymer foam.  
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Figure 56:  Top: Modulus of toughness (MT) calculated from the areas under the stress-strain 
plots from zero until the ultimate crush strength (σu). Bottom: modulus of resilience 
(MR) calculated from the area under the stress-strain plot from zero until the elastic 
crush strength (σy). Filled squares are the emulsion templated polymer foams using 
the single surfactant (Hypermer 2296) and empty squares the surfactant mixture 
(Hypermer B246sf/2296, BM). Triangle values were not considered for fitting as 
stated earlier. Additionally, the maximum values for the respective set of samples are 
stated.  
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Figure 57:  Comparison of absorption energy capacity as described by the modulus of resilience 
(MR, red squares) and toughness (MT, black circles) for macroporous poly(DVB-ST) 
foams as function of relative density (ρ*). Empty red triangles represent sample values 
near the emulsion stability limit of the emulsion templates stabilized using particular 
surfactant (Hypermer 2296), which could not be fitted appropriately to the proposed 
models by Gibson and Ashby. Additionally, the moduli of the bulk polymer samples are 
shown (pentagons and stars). The vertical dashed lines indicate the observed transition 
states for H/M/LIPEs. 
In this case, it is possible that the mechanical properties of polyHIPEs are virtually 
independent of the monomers used to produce these polymer foams. This can be stated as 
long as the monomers are similar in their chemical nature (e.g. resulting in brittle or elastic 
materials). With increasing relative density, i.e. polyMIPEs versus polyHIPEs, the difference 
between moduli of resilience (MR) and moduli of toughness (MT) becomes larger. Then, the 
polymer foams have a plastic range. This is caused by thicker polymer walls in the polyMIPE 
foam structure. Hereby, the chemical properties of the polymer dominate the mechanical 
properties of the polyMIPEs. In this case the mechanical properties are not dominated by 
the foam morphology, and it is possible that the mechanical properties of polyMIPEs are 
virtually dependent of the monomers used to produce these polymer foams. For the 
polymer foams prepared by polymerization of emulsion templates stabilized using the 
surfactant mixture the modulus of resilience decreases when the relative density exceeds 
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ρ* ≈ 0.4 (second transition state; Figure 56 top). This is because the surfactant mixture was 
not able to fully stabilize the initial emulsion template, similar to the polymerized emulsion 
templates containing initially 50 % internal phase and the single surfactant Hypermer 2296 
for emulsion template stabilization (Figure 56; triangle). In contrast, the modulus of 
toughness (MT) continuous to increase with increasing relative densities for macroporous 
polymer foams made by polymerization of emulsion templates stabilized by the surfactant 
mixture (BM, Figure 56). Surprisingly, the transition states, as indicated by Figure 56 and 
Figure 57, occur at defined points (phase volume ratios) where the emulsion template 
changes from HIPE to MIPE (respective polyH/MIPEs). However, it can be seen that at the 
second transition state from MIPE to LIPE (respective polyM/LIPEs) the modulus of 
toughness increases dramatically. For relative densities ρ* > 0.4 the difference between the 
moduli of resilience and toughness became constant and equal to the moduli of the bulk 
polymer sample containing surfactant. Comparing the definition of LIPEs at Φ < 0.66 [36] 
and respective polyLIPEs (ρ* < 0.66) this second transition state is dramatically downshifted 
to a relative density of ρ* = 0.4. This behaviour has not been reported so far and shows that 
the unique foam structure of emulsion templated polymers strongly influences the 
mechanical properties of the resulting polyL/M/HIPEs. Thicker polymer walls and less 
plasticization cause a domination of the inelastic properties of the sample. Since the 
porosity is decreases and, thus, the amount of polymer material in the obtained 
macroporous polymers is increased, the sample becomes mechanically tougher. 
4.2.5. Plasticization Effect of Surfactants in polyL/M/HIPEs 
The plasticization of the polymer foams, potentially caused by surfactants remaining in 
macroporous polymers prepared by emulsion templating, has not been reported in any 
detail in the literature. It is commonly known, although often neglected in the literature, 
that the higher the surfactant concentration used to stabilize emulsion templates the lower 
the mechanical properties of the resulting polymer foams [138]. Considering both bulk 
polymer samples (surfactant-free and containing surfactant) studied here, the surfactant 
amount significantly influences the morphology and the respective surfactant used 
potentially plasticize the polymer foam (Figure 47 and Table 20). Plasticization means that 
additives (e.g. surfactant molecules) are embedded between the polymer chains (non-
covalent plasticization) causing a spacing of the polymer chains, increasing the chain 
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mobility and making the polymer foams more elastic. This is normally accompanied with a 
decrease in the glass transition temperature (Tg). However, due to the high degree of 
crosslinking and amorphous nature (determined via X-ray diffraction) of the polymer foams, 
it was not possible to determine any Tg for the samples prepared for this study. Additionally, 
it is normally expected that the surfactant is removed during subsequent purification of the 
polymer foams and, therefore, should not plasticize the polymer foams. However, as can be 
seen in the Supplementary Information 6.7 that is not truly the case; only the surfactant 
molecules which covering the pore walls was effectively removed. The surfactant left is 
entrapped within the polymer walls and cannot be easily removed.  
A pre-condition for surfactants to act as a plasticizer within the synthesized macroporous 
polymer foams is that it is soluble in the organic continuous phase of the emulsion template 
and the subsequent polymer phase. As discovered in Chapter 4.1 the various surfactants 
behave differently in the organic oil phase and have a pronounced effect on the resulting 
mechanical properties of the polymer foams, particularly, for polyM/LIPEs for which the 
foam structure properties do not dominate the chemical polymer properties. From the 
investigations carried out here, it can be concluded that Span 80 shows the highest 
plasticization effect followed by Hypermer 2296 and Hypermer 1083. Therefore, the 
polymer foams prepared by the above mentioned surfactants possess decreased 
mechanical properties in comparison to the other used surfactants (see Chapter 4.1.4). In 
contrast, Hypermer B246sf and Arlacel P135 are weaker plasticizers because they are both 
less soluble in the organic phase and more adsorbed at the interface between the organic 
and aqueous phases of the emulsion template. The different solubility of the surfactants 
also explains the deviation of some experimental data from the fits to the mechanical 
properties as function of relative density (internal phase ratio, Chapter 0), particularly, the 
value represented in all figures by the triangle (ρ* = 0.35). The intrinsic emulsion instability 
(not necessarily visible by eye) of the sample prepared  by the polymerisation of a MIPE with 
an initial internal phase volume of 50 % stabilized by the surfactant Hypermer 2296 resulted 
in a higher porosity (lower relative density) of the polymer foam than expected (Table 20). 
This is caused directly by the sedimentation of water droplets within the emulsion template 
causing the organic phase to separate on top of the remaining w/o-emulsion. The 
sedimented emulsion has then a higher internal phase volume ratio (Figure 58, right) and 
the resulting polymer foam a lower relative density (higher porosity) than expected from 
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the initial emulsion template. However this is already considered in determining the relative 
density and, therefore, should not results in any deviation in the fitting line. Additionally, 
when the oil phase on top of the emulsion template consists of only organic phase (no 
solubilized surfactant), the effective surfactant amount remaining within the remaining 
emulsion template is increased which could additionally affect the mechanical properties of 
the resulting polymer foam due to the plasticizer effect and causes lower mechanical 
properties as expected from the fitting lines (e.g. mechanical properties marked by triangles 
in the respective figures). 
 
Figure 58:  Schematic representation of the sedimentation process of water droplets in a w/o-
M/LIPE template with a defined surfactant concentration (c(surfactant)) as a function of 
the height x of the emulsion template. The sedimentation of the droplet (aqueous) 
phase in the emulsion results in a higher effective internal phase volume and a pure 
organic phase on top of the formed HIPE template (‘packing argument’, shown on the 
right-hand side). Depending on the surfactant used, after the emulsion template 
sedimentation, the effective surfactant concentration of the remaining emulsion 
template (red solid line) could be higher than the initial amount dissolved in the organic 
phase of the emulsion template (grey dotted line). This effect is caused by lower 
solubility of the surfactant molecules within the pure organic phase compared to the 
w/o-interface. The change in the effective surfactant concentration could affect the 
mechanical properties of the resulting polyHIPEs due to plasticization.  
This is in agreement with the observation that emulsion templates prepared using higher 
amount of surfactants will result in polymer foams with decreased mechanical properties 
(no further details shown in this thesis). Therefore, the determined mechanical properties of 
polymer foams prepared by unstable emulsion templates do not fit the proposed power law 
relationships with a constant surfactant concentration (as e.g. indicated for the sample by a 
triangle). The plasticization effect is more pronounced in the measured elastic moduli (E) 
and the moduli of resilience (MR), less in the ultimate crush strengths (σu) and the moduli of 
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toughness (MT). Although the polymer foams were highly crosslinked, the elastic properties 
of the polymers are mainly determined by van-der-Waals and hydrogen bond interactions 
between the polymer chains and, therefore, the elastic properties can be affected by 
embedded plasticizers within the polymer (e.g. surfactant molecules) reducing the above 
mentioned interactions. In contrast, the ultimate crush strength of a polymer is not 
significantly influenced by a plasticizer as the strength is mainly determined by the chemical 
nature of the polymer chain, wall thickness and the overall network of the bulk to distribute 
the load, such as crosslinking. 
4.2.6. Deformation Mechanics of polyL/M/HIPEs 
Gibson and Ashby stated that the power law exponent (n) varies with different deformation 
mechanisms observed for different polymer foams. For instance, elastomeric foams collapse 
not by yielding but by elastic buckling and brittle foams collapse by porous wall fracture. The 
relationship between strength and porosity is characterized by the power law exponent (n); 
for n = 2 indicates deformation by foam-yielding dominated by elastic buckling, while a 
power law exponent of n = 1.5 indicates predominantly plastic yielding [12, 421]. These 
deformation mechanisms are also called ‘ideal stretching-dominated’ and ‘ideal bending-
dominated’ behaviour, respectively, as seen in Figure 59.  
 
Figure 59:  Schematic representation of collapse processes of a pore unit of a polymer foam; 
elastic wall-stretching and elastic edge-bending. (F is the applied force, l length of pore, 
t the wall thickness and δ the induced deflection). 
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The concept of ‘stretching-dominated’ deformation comes from the traditional analysis of 
repetitive lattice structures under tension [418]. According to the dominant stresses during 
deformation the planar lattices could be classified into bending-dominated or stretching-
dominated structures. For example, the hexagonal lattice is a bending-dominated structure 
while the triangular lattice is a stretching-dominated structure [418]. Open macroporous 
polymer foams and most closed porous polymer foams can be treated as a connected set of 
jointed struts. When loaded by axial, tensile or compressive loads, the struts will rotate and 
the frame collapses. The polymer foam has neither high stiffness nor high strength. The 
deformation mechanism is in this case stretching-dominated and the frame collapses by 
stretching/compression of the struts. When the joints/struts are fixed the struts can no 
longer rotate on loading. Then, the applied load induces bending moments at the frozen 
joints/struts and this causes the struts to bend [419]. However, fixing the joints/struts of the 
triangulated structure has virtually no effect on the macroscopic stiffness or strength; 
although the struts bend, the frame is still stretching-dominated and the collapse load is 
mainly dictated by the axial strength of the struts. Bending-dominated behaviour is the 
situation in most polymer foam structures and almost independent of the pore morphology 
[418]. In the following, the polymer foams prepared via emulsion templating are intended 
to be classified according to their mechanical behaviour. Additionally, possible applications 
of such polymer foams can be discussed with respect to the obtained mechanical 
classification. Comparing the results in Figure 60 and Figure 61, it can be seen that all of the 
polymer foams in this study were in the range of the ‘ideal bending-dominated’ behaviour 
[418]. Different applications require different deformation mechanisms. Polymer foams that 
are stretching-dominated are more efﬁcient for lightweight structures since both the 
modulus and elastic crush strength (initial collapse strength) are much greater than those of 
a bending-dominated porous material of the same relative density. The stretching-
dominated deformation mechanism involves ‘hard’ modes rather than ‘soft’ ones (bending) 
and the initial yield (elastic crush strength at yield) is followed by a plastic buckling or brittle 
collapse of the struts which results in a post-yield softening (Figure 43). These materials may 
be less attractive as energy-absorbers since this application requires a stress–strain 
response with a long ﬂat plateau region [419]. For a more detailed explanation the reader is 
referred to the literature [418-420]. 
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Figure 60:  Relative modulus (E/Es) of emulsion templated porous materials as function of the 
relative density (ρ*). The solid bulk elastic modulus Es was assumed to be Es = 1454 
MPa. However, assuming Es = 425 MPa (Table 20) the values would shift upwards 
towards the ideal stretching dominated line. Predicted relative moduli, according to the 
models by Gibson and Ashby, are indicated by the dashed lines. A slope of m = 1 
indicates stretching-dominated and m = 2 bending-dominated behaviour. The red/grey 
point represents the triangle in all other graphical plots. 
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Figure 61:  Relative strength (u/u,solid) of emulsion templated porous materials as a function of 
the relative density (ρ*). The solid ultimate crush strength of the pure bulk polymer 
was assumed to be u,solid = 63 MPa. Theoretically predicted relative strengths, 
according to the models by Gibson and Ashby, are indicated by the dashed lines. A 
slope of m = 1.0 indicates stretching-dominated and m = 1.5 bending-dominated 
behaviour [418]. The red/grey point represents the triangle in all other graphical plots 
4. EXPERIMENTAL RESULTS AND DISCUSSION 
 
171 
4.2.7. Influence of Pore Size Distribution on the Mechanical Properties and 
Reproducibility of polyHIPEs 
Gibson and Ashby did not correlate the pore size to the mechanical properties of porous 
materials and in fact stated that the mechanical properties are independent of the pore 
morphology [12]. However, pore size is supposed to affect the resulting mechanical 
properties. Large pores (large pore volume) results in a lower surface area and, therefore, in 
thicker pore walls than for smaller pores for a given pore volume (surface-volume-ratio, 
Figure 62). Thus, polymer foams of similar densities but different pore size distributions 
should possess different mechanical properties. The state-of-the-art in terms of how the 
elastic modulus (E) is influenced by pore size is somewhat confused and only random 
statements can be found in the literature but is of fundamental scientific interest.  
 
Figure 62:  Schematic sketch juxtaposing macroporous polymer foams with large and small pores 
(white circles), respectively, with equal total pore volume. It can be seen that in the 
case of large pores the polymer walls are thicker and therefore the polymer foam is 
supposed to be mechanically stronger.  
Abbasian et al. [9], who investigated the influence of the emulsification procedure used to 
produce the emulsion templates on the properties of polyHIPEs, state that the mechanical 
properties of polyHIPEs increased with increased stirring speed to produce the HIPEs. This 
indicates that smaller pore sizes result in better mechanical properties. This would be in 
agreement with what Williams et al. [213] stated. In contrast, Ceglia et al. [13] reported that 
the elastic modulus (E) increases linearly with increasing pore size and relative density while 
other studies stated that the elastic modulus (E) is independent of pore size [12]. 
Additionally, it is assumed that for other polymer foam structures than the polyHIPE 
structure (e.g. multi-structures or hierarchical structures) the relationship between pore size 
and the mechanical properties will change [423]. For example, larger pores in hierarchical 
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structures contribute to higher specific rigidity and strength [242] and the smaller ones 
contribute to higher compression load. A simulation conducted by Bureau et al. [424] 
showed that improved mechanical properties can be expected for smaller average pore 
sizes at a given foam density. These statements are contradictory and will be discussed in 
more detail in the following. It appears that an additional structural parameter is needed in 
order to describe the deformation behaviour of polymer foams more accurately and to 
predict their mechanical properties for a given set of requirements. The only study which 
considered the effect of pore size on the mechanical properties of emulsion templated 
polymer foams, was carried out by Ceglia et al. [13].  
 
Figure 63:  Left: SEM image of a poly(ST-DVB)HIPE made from a HIPE containing 75 vol.-% aqueous 
internal phase (KPS and NaCl). Right: evolution of the elastic modulus (E) as a function 
of the average pore size diameter. Here, the blue and black solid line represents the 
results of fitting a power law relationship to the data reported by Ceglia et al. (Image 
taken and plot prepared with data from Ref. [13]). 
They focused on well-defined ‘mono-dispersed’ polyHIPEs prepared via emulsion templating 
and conducted compression tests (specimen ratio h/d = 1.2, displacement rate 10 mm/min). 
They found that the elastic moduli (E) increased linearly with increasing average pore size 
diameter. However, one drawback of their study is that the standard deviations of E were 
not tabulated or plotted to the measurements. Therefore, it is possible that the 
measurements are equal within errors as the standard deviations of elastic moduli can be 
quite large (see e.g. Figure 64). In addition, their description of how the emulsion templates 
were prepared was not precise. A ‘crude oil’ emulsion was introduced into a Couette device 
in order to obtain ‘mono-disperse’ emulsions via shearing. The SEM images of the polymer 
foams shown in this thesis (e.g. Figure 64) look very similar to those reported by Ceglia et al. 
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(Figure 63 left) and are not intended to be monodisperse. In the case of Ceglia et al., their 
polymer foams have a higher openness factor of the pores as compared to the polymer 
foams discussed here. As can be seen in Figure 63 right, the elastic moduli (E) of the 
macroporous polymer foams prepared by Ceglia et al. increased fairly linearly with 
increasing pore size. However, no equation for the relationship between the elastic modulus 
and the pore size was given in Ceglia’s et al. study [13]. Here, a linear relationship for 
Ceglia’s et al. samples [13] is roughly estimated having a minimum elastic modulus of 
Elimit = (6 ± 4) MPa at the origin of d = 0 µm and a slope of m = (5 ± 1) MPa/µm. One needs to 
keep in mind that the origin of d = 0 µm do not represent a solid bulkpolymer. This 
relationship is obtained for polymer foams having a defined porosity. The value of Elimit at 
d = 0 µm indicates that another mathematical description of the mechanical properties for 
very small pore sizes must exist. In Figure 63 (right) the results of a power law relationship 
for the elastic modulus as function of the pore size is plotted for Ceglia’s et al. sample sets 
and the results presented in Table 26.  
Table 26:  Results of fitting a power law to the elastic moduli (E) as function of pore size diameter 
(d) for poly(ST-DVB) HIPEs. The measured elastic moduli were taken from Ref. [13]. 
E = C’1 ∙ dn C’1 [MPa] n 
Matrix 1[a]: poly(ST-1.9DVB)HIPEs 7.82 ± 1.60 0.77 ± 0.09 
Matrix 2[b]: poly(1.9ST-DVB)HIPEs 2.96 ± 0.61 1.25 ± 0.08 
[a] Matrix 1: 1.0 : 1.9 ratio ST:DVB and Span 80 as surfactant (organic phase). 
[b] Matrix 2: 1.9 : 1.0 ratio ST:DVB and Span 80 as surfactant (organic phase). 
In order to investigate the mechanical behaviour of polymer foams prepared via emulsion 
templating, polyHIPEs from different batches but of the same HIPE formulation (Figure 64) 
were prepared. The emulsification was carried out with different stirring speeds and stirring 
times. As a result, the determined elastic moduli (E) of these polyHIPEs made from different 
batches are rather scattered and different pore sizes depending on the emulsification were 
observed (low reproducibility, 1st generation of polymer foams). The average maximum 
pore size diameter determined by counting (d(P)10) and the standard deviations of the 
average diameters are shown in Figure 64. However, it is difficult to see any correlation 
between the mechanical properties and the average pore sizes (Figure 64). 
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Figure 64:  Evolution of the elastic modulus as function of pore size diameter of poly(DVB-ST) 
HIPEs made from w/ST-DVB HIPEs containing 80 vol.-% aqueous 0.04 mol/L CaCl2 · 
2 H2O solution as internal phase, stabilized using Hypermer 1083 and initiated using 
AIBN. For comparison of the resulting polymer foam morphology a representative SEM 
image is also shown. Additionally, the average slope (solid line) is given. The measured 
values were determined on different batches. 
When the elastic moduli for large pore sizes were not considered (Figure 64, region II), it is 
possible to fit a (optimistic) linear function to the data, having a minimum elastic modulus at 
d(P) = 0 with Elimit = (10 ± 7) MPa and a slope of m = (4 ± 1) MPa/µm which is almost identical 
to the determined values from Ceglia’s et al. study. Also it seems that there is a pore size 
(d(P)max ≈ 6 µm) after which the elastic moduli decrease with further increasing pore size. If 
such critical pore size (d(P)max) does exists it should be possible to synthesize macroporous 
polymer foams (polyL/M/HIPEs) with optimized mechanical properties from tailor made 
emulsion templates. The hypothetical optimized pore size and the low reproducibility of the 
1st generation polyHIPEs (Figure 64) inspire to investigate other parameters which may 
influence the mechanical properties and reproducibility. Since the pore size is mainly 
influenced by the emulsification and polymerization process, further investigations were 
carried out into the influence of the emulsification process (batch process) and 
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polymerization temperature. The influence of polymerization temperature on the 
morphology and mechanical properties can be found in the Supplementary Information 
6.6.1. The outcome regarding the influence of polymerization temperature (and time) 
revealed again a quasi-equilibrium pore size at d(P)max ≈ 6 µm for this particular standard 
emulsion template. A brief summary of the outcome of the investigations regarding the 
emulsification process can be found in Figure 65 and Figure 66. Figure 66 shows the SEM 
images of polyHIPEs with respect to various emulsification procedures.  
 
Figure 65:  Elastic modulus as a function of average maximum pore size d(P)10 obtained for 
standard poly(DVB-co-ST)HIPEs by polymerization of HIPEs which had 80 vol.-% internal 
phase using different stirring speeds and stirring times but which were allowed to 
‘equilibrate’ for 24 hours at room temperature after emulsification in order to reach 
the quasi-equilibrium state (2nd generation of polymer foams). Note that the samples 
prepared at a defined stirring speed were made from one batch. The batch was split 
into three parts, whereby, each of the three emulsion templates was stirred for a 
different time showing that increasing energy input during emulsification results in 
smaller pore sizes within the respective polyHIPEs. The line is a guide for the eyes. 
The synthesized HIPEs were prepared using various stirring speed and times (stated in the 
figure caption) but were allowed to ‘equilibrate’ for 24 hours prior to polymerization at 
room temperature (2nd generation polyHIPEs). Figure 65, shows the elastic moduli of 
polyHIPEs as function of average pore size (2nd generation polyHIPEs).  
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Figure 66:  SEM images of standard polyHIPEs prepared from emulsion templates which were 
emulsified with different stirring speeds and times (as indicated in the caption of the 
figures). The overall mixing energy input (stirring time multiplied by stirring speed) 
was constant and, therefore, the samples, as also the polymer foam morphology, can 
be easily compared. 
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It can be seen that the resulting pore sizes can be well correlated to the mechanical 
properties when the samples were allowed to relax for 24 hours at room temperature and 
subsequently polymerized and processed as usual. In contrast to Figure 64 (1st generation 
polyHIPEs), which shows the same polyHIPE formulations but not equilibrated HIPEs before 
polymerization, the data presented in Figure 65 do show a clear correlation between elastic 
moduli and average pore size up to a certain point after which the moduli decrease again for 
further increasing pore sizes (2nd generation polyHIPEs). The outcome of the above 
mentioned and optimized emulsification process is a well-defined relationship of the elastic 
modulus versus the pore size (asymptotic or log- normal shape) having relatively small 
standard deviations (2nd generation samples). The elastic moduli increased linearly until an 
average pore size diameter of d(P)10 = 6 µm was reached. This is in agreement with the 
earlier observed maximum pore size (see Supplementary Information 6.6.1 - polymerization 
temperature). Given the geometrical arrangement of pores (Figure 62) it is seen that smaller 
pores result in thinner pore walls and, therefore, are less able to withstand mechanical load. 
This is in contrast to the study by Bureau et al. [424]. Surprisingly, after the maximum elastic 
modulus was reached (d(P)10 > 6 µm) the elastic moduli remain fairly constant until falling 
when the emulsion templates become unstable due to the use of lower stirring speeds (e.g. 
stirring speed at 300 rpm, Figure 65)25. The results obtained for polyHIPEs produced from 
HIPEs prepared at a stirring speed of only 300 rpm indicate that a minimum energy input 
during emulsification is required to prepare stable emulsions and that from emulsion 
templates resulting in polymer foams having pore sizes d(P)10 > 15 µm onwards no stable 
emulsion templates for this specified system will be obtained (left side in Figure 67). In 
order to explain the phenomenon of the ‘pseudo-equilibrium state’ in more detail; the 
overall interfacial area as a function of stirring speed (energy input) should be directly 
correlated to the droplet size distribution and therefore average droplet size. During the 
emulsification process the complex emulsion system and, especially, the surfactant do not 
have the opportunity to reach their specific equilibrium state.  
                                                 
25  It was visually observed that the viscosity of HIPEs depends on the stirring speed. The higher the stirring 
speed the higher the viscosity of the emulsions and the more stable usually the HIPEs. Furthermore, it was 
observed that during emulsification of HIPEs a similar effect exists as in whipping creams, where the cream 
becomes abruptly solid during the whipping process. If this point is not reached for HIPE templates (e.g. at 
300 rpm), the emulsions tend to be unstable and will start to separate immediately. However, this 
destabilization is not seen by a clear phase separation on top of the emulsion after 24 hours but rather by 
larger droplets within the emulsion template.  
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Figure 67: Schematic representation of the pseudo-equilibrium average droplet size (blue circle) 
and evolution of the interfacial area/average droplet size of emulsion templates 
(black solid line) as function of the stirring speed (energy input) derived from a 
theoretical ‘potential well’ (grey dotted line).  
Furthermore, the energy input provided by stirring (e.g. stirring speed at 2000 rpm) is 
usually more than necessary for the pseudo-equilibrium state; i.e. smaller droplets than 
required for the pseudo-equilibrium were produced (right-hand side of the equilibrium state 
in Figure 67). This means, if the polymerization of the HIPE template is carried out 
immediately after emulsification that the emulsion is in a non-equilibrium state (resulting in 
1st generation polymer foams, Figure 64). In this state, small variations (e.g. change in 
polymerization time, temperature and storage) result in a significant change of the emulsion 
template which normally results in a scattering of the resulting average pore sizes and 
hence mechanical properties of the polymerized emulsion templates. Then, the average 
pore sizes and the correlated mechanical properties are difficult to reproduce (as can be 
seen in Figure 64). 
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As the equilibrium droplet size of an emulsion is also a function of the emulsion composition 
and its thermodynamics, the smaller droplets tend to merge rapidly as a function of time 
resulting in the pseudo-equilibrium average droplet size (Figure 67) for the specified system 
tested in this study. This means that a relaxation of the emulsion template allows reaching a 
pseudo-equilibrium state so that reproducible properties (e.g. pore size and elastic 
modulus) can be obtained for this specified system (Figure 65). If the stirring speed (energy 
input) is below that required to produce the droplet size needed for the pseudo-equilibrium 
state (< 300 rpm), destabilization of the emulsion template occurs (left-hand side of the 
equilibrium state in Figure 67) and the emulsion easily breaks down. Therefore, an emulsion 
template requires a minimum of emulsification energy and afterwards a specific time to 
equilibrate/relax so that the resulting polymer foam will have a reproducible average pore 
size and mechanical properties with small standard deviations. However, this assumption 
needs to be used carefully as it only applies if the emulsion template has a quasi-equilibrium 
state, since the temperature and time during polymerization also affects the droplet size 
distribution (Ostwald ripening/coarsening and coalescence). More details regarding the 
‘equilibrium condition’ can be determined by comparing the sample which was supposed to 
be polymerized at room temperature and the one immediately polymerized at 50 °C 
described in the Supplementary Part 6.6 onwards.  
It has been shown in this thesis that the elastic modulus depends significantly on the pore 
size. The linear relationship between average pore size and elastic modulus for 
macroporous polymer foams prepared via emulsion templating is in agreement with Ceglia’s 
et al. study but contradicts Abbasian’s et al. and Bureau’s et al. results. Generally, for 
macroporous polymer foams the morphology varies for different macroporous polymer 
foams (polyL/M/HIPEs), non-droplet structures and other stochastic and hierarchical 
morphologies, where the pore sizes can be barely correlated to the mechanical properties 
(only to relative density). Not only pore size but chemical composition, polydispersity, 
plasticizer content, pore wall morphology and pore wall thickness of the macroporous 
polymer foams affect the resulting mechanical properties. Therefore, caution is needed as it 
would be misleading only to correlate average pore sizes to the elastic moduli (E). 
Investigations via e.g. nano-X-ray tomography are necessary to obtain deeper and clearer 
structural parameters of the polymer foams which can be then correlated to the 
determined mechanical properties. 
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4.2.8. Summary of Morphological and Compression Characteristics of 
Polymer Foams Prepared via Emulsion Templating 
Open porous materials are desired for weight-critical and multifunctional structural 
applications because of their low density and accessible high pore volume. However, the 
mechanical properties of an open porous material, such as elastic modulus and strength, are 
significantly lower than those of their non-porous bulk counterparts. The most important 
factors that influence the mechanical properties of a porous material are the relative 
density, the pore network structure and the presence of potential plasticizers; i.e. for 
polymer foams made by emulsion templates the presence of surfactant. The compression 
behaviour of porous materials generally includes three steps: an elastic response followed 
by the deformation of the material at quasi-constant stress and a densification when the 
polymer foams are not brittle. In the case of brittle polymer foams the samples break after 
reaching the ultimate crush strength (σu). Empirical laws developed by Gibson and Ashby are 
intended to rapidly answer engineering requirements and were tested for two sets of 
samples: poly(DVB-ST)L/M/HIPEs made from emulsion templates having different internal 
phase volume ratios either stabilized by the surfactant Hypermer 2296 or by the surfactant 
mixture Hypermer 2296/B246sf. To summarize, the simplified cubic models proposed by 
Gibson and Ashby basically describe the mechanical properties but are not adequate 
enough for polyL/M/HIPE structures to describe exactly the relationship of the mechanical 
foam properties as function of relative density (ρ*). In order to develop a useful working 
tool the known models by Gibson and Ashby were extended to allow for a more accurate 
description. Limiting values Elimit, ρlimit
*  and a Boltzmann-like evolution of the openness factor 
(φ) as a function of the relative density (ρ*) for such emulsion templated polymer foams 
were introduced. In addition to commonly determined mechanical properties, such as 
elastic modulus (E) and ultimate crush strength (σu); elastic crush strength at yield (σy), 
modulus of resilience (MR) and toughness (MT) of the samples were determined and 
discussed. It has been shown that these additional mechanical parameters are necessary to 
describe and compare polymer foams prepared via emulsion templating more accurately. 
The relationship between elastic moduli (E) and relative density (ρ*) of macroporous 
polymer foams is fairly well represented by the power law relationship proposed by Gibson 
and Ashby, although a limiting value for the elastic modulus (Elimit) at ρ* = 0 (ρ* approaching 
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zero) and a Boltzmann-like development of the openness factor (φ) is required for a more 
accurate description of the elastic properties of emulsion templated macroporous polymer 
foams. The elastic crush strength at yield (σy) also follows the power law but only up to 
limiting values of the relative density after which the elastic crush strength remains almost 
constant. The limiting values apply for both sets of samples (Hypermer 2296 and Hypermer 
2296/B246sf stabilized emulsion templates). In the case of polyM/HIPEs made from 
emulsion templates stabilized by Hypermer 2296 a maximum limiting relative density value 
of ρmax 
*  ≈ 0.25 and a maximum limiting elastic crush strength of σy,max(2296) ≈ 3.5 MPa were 
obtained. In the case of polyL/M/HIPEs made from emulsion templates stabilized by the 
Hypermer 2296/B246sf mixture a limiting relative density value ρmax 
*  ≈ 0.40 and a limiting 
elastic crush strength of σy,max(mix) ≈ 11.0 MPa were obtained. The limiting elastic crush 
strengths of polyL/M/HIPEs seems to be influenced by the emulsion stability of the 
templates from which the macroporous polymers were made and thus of the surfactant 
used and were not observed or described so far. For the surfactant mixture a broader range 
of internal volume fraction can be stabilized and, therefore, the respective polymer foams 
produced by polymerization of these templates reach the maximum limiting elastic crush 
strength later. The ultimate crush strengths (σu) of both sets of polymer foams also follow 
the power law relationship. A limiting value of the deviation to the Gibson and Ashby model 
was observed for polyM/HIPEs made from emulsion templates stabilized by Hypermer 2296 
at ρmax
*  ≈ 0.25 with an ultimate crush strength value of σu,max(2296) ≈ 5.0 MPa but not for 
polyL/M/HIPEs made from emulsion templates stabilized by the Hypermer 2296/B246sf 
mixture in the investigated relative density range. The absence of a maximum limiting value 
σu,max for the polyL/M/HIPEs is caused by the change in the deformation mechanism of these 
macroporous polymer foams. The deformation mechanism for all samples is determined as 
‘bending-dominated’, which is most suitable for applications as mechanical energy 
absorption materials. In addition, determination of the modulus of resilience (MR) and 
toughness (MT) clearly indicates that transition states between polyHIPEs, polyMIPEs and 
polyLIPEs exist where the mechanical deformation properties change. These transition 
states occur close to the critical phase volume ratios as defined for H/M/LIPEs and can be 
explained by the fact that in the case of polyHIPEs the mechanical properties are dominated 
by the foam structure and not by the chemical nature of poly(DVB-ST) foams and in the case 
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of polyLIPEs it is vice versa. Furthermore, the plasticizer effect of the surfactants remaining 
within the polymer foams has been investigated and discussed. It turned out that a high 
surfactant concentration used to stabilize the emulsion template resulted in lower 
mechanical properties of the resulting polymer foams. This effect is strongly pronounced 
when the surfactant is highly soluble within the polymerizable organic phase and 
subsequently embedded in the resulting polymer. In this case, the embedded surfactant 
causes plasticization of the polymer foam. Regarding the reproducibility of the mechanical 
properties of the polymer foams it is clear that the reproducibility is insufficient when 
polymerizing freshly prepared emulsion templates (1st generation samples). The 
reproducibility of the mechanical properties and the average pore sizes were significantly 
improved when the emulsion templates were allowed to ‘equilibrate’ for 24 hours at room 
temperature (pseudo-equilibrium state, 2nd generation samples). This modified preparation 
procedure results in reproducible mechanical properties of the polymer foams and a clear 
relationship is observed between the determined mechanical properties and the pore sizes. 
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5. CONCLUSIONS AND RECOMMENDATION FOR FUTURE WORK 
Conclusions 
The aim of this thesis was to gain a better understanding of surfactant stabilized emulsion 
templates and the prediction of the resulting polymer foam properties, such as 
morphologies and mechanical properties. The experiments that were carried out revealed 
that the influence of surfactants on emulsion templates and the resulting polymer foams is 
very complex (Figure 68). In particular, the influence of different surfactants used to 
stabilize MIPE and HIPE formulations on the morphological and physical properties of 
polyM/HIPEs was investigated. For this purpose, the commonly used styrene–
divinylbenzene (ST–DVB) emulsion system was chosen because this is the most robust and 
best characterized system. The results obtained can easily be compared with already 
published data. Four surfactants; Hypermer 2296, Hypermer 1083, Hypermer B246sf and 
Arlacel P135 as also mixtures of Hypermer B246sf and Hypermer 2296 (BM) or Arlacel P135 
and Hypermer 2296 (AM) were characterized for the first time. Their chemical compositions 
(from FT-IR and NMR measurements), molecular weights (from ESI-, MALDI-TOF-Mass 
spectrometry) and adsorption behaviour at the water–ST:DVB interface were investigated 
and compared to the well-known surfactant Span 80, which is most commonly used to 
stabilize HIPE templates. The interfacial tensions at different surfactant concentrations were 
also determined.  
Span 80, Hypermer 2296 and Hypermer 1083 had very similar adsorption behaviour and 
interfacial tensions in ST:DVB against water, although the chemical nature of these 
surfactants is different. Span 80 is the well-known sodium sorbitan-X-octadecenoate, but 
not the mono- octadecenoate as often stated. The di- and tri-substitution of Span 80 was 
determined using mass spectrometry. The chemical nature and molecular weight of 
Hypermer 2296 were not provided by the company. However, Hypermer 2296 is probably a 
blend of sorbitan ester and poly(isobutylene succinic anhydride) (PIBSA) and has an average 
molecular weight of 833 g/mol. The NMR spectra and mass spectrograms of Hypermer 2296 
are very similar to those of Span 80 and, therefore, sorbitan-octadecenoate is still the main 
compound in Hypermer 2296. Furthermore, low molecular weight impurities in the MS 
spectrogram of Hypermer 1083 indicate that Hypermer 1083 was synthesized in a similar 
way to Hypermer 2296 and Span 80, although it was supposed to be a poly(ethylene oxide)-
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10-hydroxyoctadecanoic acid block polymer. Surprisingly, the proposed 10-hydroxy 
octadecanoic side chain could not be identified for Hypermer 1083. It seems more to be an 
octadecenoic side chain. The average molecular weight of Hypermer 1083 is 2096 g/mol (as 
determined by MS). Arlacel P135 was supposed to be the replacement product of Hypermer 
B246sf, which in the latter case is only available in the U.S.A.. The supposedly identical 
surfactants Hypermer B246sf and Arlacel P135 (poly(ethylene oxide)-di-10-
hydroxyoctadecanoic acid diblockpolymer) were found to have significantly different 
adsorption behaviours at the ST:DVB/water interface although no chemical differences 
could be identified (FT-IR, NMR, MS studies). Both surfactants resulted in ultralow interfacial 
tensions at surfactant concentration of c = 0.01 mol/L. Their different adsorption behaviour 
is probably caused by the presence of small molecular weight impurities which are different 
for Hypermer B246sf and Arlacel P135. The published molecular weight by Croda 
International PCL of 5000 g/mol could not be confirmed by mass spectrometry (MS), 
although small amounts of higher molecular weight compounds were detected in m/z range 
of 5000 g/mol. The average determined molecular weights were 1867 g/mol for Arlacel 
P135 and 2000 g/mol for Hypermer B246sf, respectively.  
Investigations into the influence of the different surfactants on emulsion stability, emulsion 
morphology and the morphology and mechanical properties of the polymer foams produced 
by polymerisation of the emulsion templates revealed that there are significant differences 
in the case of MIPEs and HIPEs as well as the respective polyM/HIPEs. Span 80 is definitely 
not the best choice for stabilizing emulsion templates, especially for lower internal phase 
volume ratios (ϕ ≤ 0.6). The MIPE stability increased in the order Span 80 < Hypermer 2296 
< Hypermer 1083 ≤ Arlacel P135 ≈ Hypermer B246sf. The surfactants significantly 
influenced the morphology and the mechanical properties of the resulting polymer foams 
prepared from surfactant stabilized MIPE templates. PolyMIPEs made from MIPE templates 
stabilized with Span 80 had open porous morphologies with areas of bulk polymer and low 
mechanical properties. However, polyMIPEs produced from MIPE templates stabilized by 
Hypermer 2296 or Hypermer 1083 had open porous morphologies and better mechanical 
properties. Moreover, polyMIPEs made from Arlacel P135 stabilized MIPEs had open porous 
morphologies and significantly better mechanical properties. These mechanical properties 
were similar those of polyMIPEs made from the MIPE templates stabilized with Hypermer 
B246sf, which resulted in a closed porous morphology. The closed porous morphology of 
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the Hypermer B246sf stabilized emulsion templated polymer foams was unexpected at such 
a high surfactant concentration (20 vol.-% with respect to the organic phase) and needs to 
be further investigated. However, it is assumed that the solubility and the interfacial film 
arrangement of the surfactant in the organic phase and interphase cause the various 
morphologies and not only the droplet packing of dispersed droplets. Furthermore, 
polyMIPEs prepared from MIPEs stabilized either by Arlacel P135 or Hypermer B246sf 
indicated the independence of the openness factor of the polymer foams on the resulting 
mechanical properties, since both results in the same mechanical properties. Mixtures of 
Hypermers B246sf and 2296 (BM) or of Arlacel P135 and Hypermer 2296 (AM) were found 
to be better for emulsion templating but non-ideal mixtures with strong synergistic effects, 
indicated by the measured interfacial tensions. Furthermore, investigations into the 
influence of these surfactants on MIPEs and HIPEs revealed significant differences in both 
emulsions and resulting polyM/HIPEs morphologies as also mechanical properties than 
those made using individual surfactants. MIPEs stabilized by surfactant mixtures had high 
emulsion stabilities. PolyMIPEs made from MIPE templates stabilized with a mixture of 
Hypermers B246sf and 2296 (BM) had the desired open porous morphology, and 
mechanical properties similar to those obtained using the single surfactant Hypermer 
B246sf rather than Hypermer 2296. In comparison to individual surfactants used to stabilize 
MIPEs, Hypermer 2296 stabilized MIPE templates were less stable emulsions than 
Hypermer B246sf stabilized MIPEs. After polymerization of the Hypermer 2296 stabilized 
MIPE templates the resulting polyMIPEs had an open porous morphology, whereas 
Hypermer B246sf stabilized MIPE templates produced closed porous polymer foam 
morphologies. In contrast, using a mixture of Arlacel P135 and Hypermer 2296 (AM) to 
stabilize MIPEs produced polymer foams having a non-droplet shaped foam morphology 
with low mechanical properties instead of the open porous morphology obtained when 
using either the single surfactants Hypermer 2296 or Arlacel P135.  This indicates again the 
synergistic effects and a non-ideal behaviour of the surfactant mixtures. The mechanical 
properties of the resulting non-droplet shaped foam structure were expected to be low but 
were comparable to Span 80 stabilized emulsion templated polymer foams. Furthermore, 
the surfactant mixtures allow the preparation of polymer foams from emulsion templates 
with a large internal phase volume ratio range. Therefore, the mixture of Hypermers B246sf 
and 2296 (BM) allows for the preparation of very stable emulsion templates, which after 
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polymerization results in polyL/M/HIPEs with an open porous polymer foam morphology. 
Furthermore, investigations into the influence of the surfactants on the HIPEs and the 
resulting polyHIPEs revealed that the nature of the surfactant is not important and can be 
neglected as long as the surfactant can stabilize HIPE templates sufficiently. In fact, the 
different surfactants used to formulate HIPEs have no impact on the morphology or the 
resulting mechanical properties. A typical open porous morphology and almost identical 
mechanical properties were obtained for all synthesized polyHIPEs.  
The characterization of highly crosslinked polymer foams is challenging because most 
analytical methods to determine their physico-chemical properties require the polymer to 
be soluble, which is not the case for highly crosslinked polymers. However, compression 
tests are suitable for the characterization of such highly crosslinked polymer foams with 
respect to their mechanical properties. The empirical equations suggested by Gibson and 
Ashby are supposed to rapidly answer engineering requirements in terms of desired 
mechanical properties of porous polymer foams and were tested on emulsion templated 
poly(DVB–ST)HIPEs which were prepared by polymerization of HIPEs stabilized using 
Hypermer 2296 or L/M/HIPEs stabilized by a mixture of Hypermers 2296 and B246sf. Here, 
the main focus was to investigate the relationship between morphology, relative polymer 
foam density and the resulting mechanical properties under compression. To summarize, 
the simplified cubic models proposed by Gibson and Ashby are not adequate enough to 
describe the evolution of the mechanical properties of polyL/M/HIPEs as function over a 
larger relative density (ρ*) range. Gibson and Ashby’s proposed proportionality constants 
resulted in overestimations of the mechanical properties. Therefore, the models were 
modified to obtain a more accurate description of the mechanical properties of emulsion 
templated macroporous polymer foams. Hereby, the introduction of a limiting value for the 
elastic modulus (Elimit) at very low relative densities and a Boltzmann-like evolution of 
openness factor (φ) as a function of relative density (ρ*) resulted in a more accurate 
description. Generally, it is not necessary to distinguish between open and closed porous 
polyH/MIPE morphologies in terms of the resulting mechanical properties because the 
openness factor (φ) was found to be approximately 1 over the whole relative density range 
investigated. However, the Boltzmann-like evolution of the openness factor (φ) as a 
function of the relative density, considering the fact that the interconnectivity of emulsion 
templated macroporous polymers is changed, results in a more reliable description of the 
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mechanical properties of polyL/M/HIPEs. The evolution of the elastic moduli (E) as function 
of relative density (ρ*) is comparable to the power law relationship proposed by Gibson and 
Ashby. The elastic crush strength (σy) at yield obeys the power law, but only until the 
relative density limiting values were reached when the elastic crush strengths remained 
almost constant. This behaviour applies to both sets of samples; for Hypermer 2296 
stabilized emulsion templated polymer foams a limiting relative density value ρlimit
*  ≈ 0.25, 
and for the mixture of Hypermers 2296 and B246sf ρlimit
* ≈ 0.40 were found, resulting in 
limiting elastic crush strengths of σy,limit(2296) ≈ 3.5 MPa and 
σy,limit(2296/B246sf) ≈ 11.0 MPa, respectively. The limiting elastic crush strength values of 
the polymer foams seem to be influenced by the stability of the former emulsion template 
because the surfactant used was not able to fully stabilize the emulsion template at lower 
internal phase ratios. The ultimate crush strengths (σu) of both sets of samples developed 
according to the power law. Again, a limiting value was observed for the Hypermer 2296 
stabilized sample at ρlimit
*  ≈ 0.25 with an ultimate crush strength value of σu,limit(2296) ≈ 5.0 
MPa, but a limiting value was not found for the Hypermer 2296/B246sf samples in the 
relative density range investigated. The absence of a limiting value (σu,limit) for the Hypermer 
2296/B246sf samples could be explained by the fact that the limit was not reached in the 
investigated relative density range. Determining the moduli of resilience (MR) and toughness 
(MT) clearly indicated that transition states between polyHIPEs, polyMIPEs and polyLIPEs 
exist. These transition states occurred next to the critical phase volume ratios, as defined for 
H/M/LIPEs. For polyHIPEs, this could be explained by mechanical properties being 
dominated by the foam properties and not by the chemical properties of the poly(DVB-ST) 
foam. For polyLIPEs, the mechanical properties are dominated by the chemical properties of 
the poly(DVB-ST) foam walls rather than by the foam properties (morphology) itself.  
The mechanical properties determined for the 1st generation of polyHIPEs (state-of-the art 
preparation) were independent of the average pore size diameter because no relationship 
was found between them. However, there were already hints that a maximum ideal pore 
size must exist. Further investigations regarding the emulsification and polymerization 
process revealed that emulsion templates require relaxation in order to reach the ‘pseudo-
equilibrium’ state (2nd generation polyHIPEs). Then, a correlation between pore sizes and 
mechanical properties was obtained and clarified. The larger the pore sizes the better the 
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mechanical properties until a defined pore size is reached. After that defined pore size the 
mechanical properties becomes shortly constant and then decreases with further increased 
pore size. However, it would be misleading to simply correlate pore sizes with mechanical 
properties because the strength of the pore joints is probably more important and being 
also affected by plasticizer effects (solubility of the surfactants in the resulting polymer). 
Investigations into the deformation mechanisms indicate that all of the polymer foams 
prepared were ‘bending-dominated’, which is most suitable for mechanical energy 
absorption materials rather than the often stated lightweight building materials. 
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Recommendation for Future Work 
A number of techniques have been developed for production of inexpensive polymer foams 
with stochastic, closed or open porous morphologies. Emulsion templating is a versatile 
method for producing macroporous polymer foams in different shapes and forms by 
polymerizing emulsions in a large scale, especially if the internal phase can be directly used 
for the desired application, e.g. advanced battery or blast protection materials. Rapid 
advances in manufacturing techniques promise the fabrication of functional porous 
structures with the desired pore morphologies that can be tailored to specific applications in 
the near future. However, detailed understanding of the emulsion templates, how to tailor 
the emulsion templates, the processes during polymerization that influence the resulting 
polymer foam properties and the relationship between the mechanical response and porous 
morphologies are necessary and still lacking. A number of limitations and challenges need to 
be considered when extending the scope of the potential applications of emulsion 
templated macroporous polymers (Figure 68). The following points should be considered for 
future research: 
 A more detailed understanding of the behaviour of the surfactant at the water–
oil interface, interfacial film stability and the composition of the films is required 
so that parameters that allow the prediction of the suitability of a chosen 
surfactant (or surfactant mixture) for a specific monomer system can be 
determined and predicted; 
 Characterization of the small molecular weight impurities in commercially 
available surfactants and their effect on morphologies and resulting mechanical 
properties of emulsion templated polymer foams is required. It is very likely that 
the impurities in the surfactants are more surface-active than the ‘main’ 
components. Determining the influence of pure surfactants on emulsion stability, 
morphology and the mechanical properties of the resulting polymer foams is of 
fundamental scientific interest; 
 Because the influence of temperature has been mostly neglected in this work, 
the temperature dependence of surfactant adsorption on the interface and 
emulsion stability (phase inversion) should be a topic for further investigation. 
Specifically, alterations in morphologies of emulsion template and properties 
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caused by changes in temperature would be interesting, because temperature 
affects the emulsion stability; 
 Only a few analytical methods for highly crosslinked polymer foams are available. 
To fully characterize polymer foams and the influence of processing parameters, 
further analysis, e.g., NMR investigations, analysis of dynamic mechanical 
properties etc., should be carried out to accurately determine parameters such 
as the crosslink ratio and residuals in the polymer foams etc.; 
 The resulting mechanical properties of the polymer need to be investigated in 
more detail. Nano-X-ray tomography, confocal laser microscopy or X-ray/neutron 
small angle scattering can give better insights into the relationship between foam 
morphologies and mechanical properties because the polymer wall thickness can 
be accurately determined using these methods. Furthermore, in terms of 
determining the mechanical properties under compression, it needs to be borne 
in mind that additional mechanical deformation mechanisms, like buckling and 
barrelling of the testing specimen, were neglected in this work. The accurate 
determination of the Poisson’s ratio and the correlation with the measured 
elastic moduli would significantly increase the determined elastic moduli. 
Additionally, it will be interesting how the mechanical properties behave at 
extremely low relative densities (Elimit); 
 In general, parameters that also influence the emulsion templates and the 
resulting mechanical properties (see Figure 68) were not described in detail in 
this thesis, but these parameters also affect the complex emulsion template and 
the resulting polymer foam and so far neglected; 
 A main drawback is the lack of understanding of the influence of the 
emulsification process and, in particular, the set-up used in producing 
reproducible and tailored emulsion templates. The emulsification process is 
usually neglected but has a strong impact on the resulting properties. The set-up 
dimensions should be chosen so that up-scaling is as easy as possible. 
 In-line analytical characterization methods, such as the correlation of emulsion 
rheology with the resulting polymer foam properties, are of fundamental 
engineering interest.  
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Figure 68:  Sketch of parameters which influence the emulsion template and the resulting 
morphologies and properties of the polymer foam.   
5. CONCLUSION AND RECOMMENDATION FOR FUTURE WORK 
 
192 
  
6. SUPPLEMENTARY INFORMATION 
 
193 
6. SUPPLEMENTARY INFORMATION 
6.1. Miscellaneous 
 
Figure 69:  Exploded polymerization mould caused by the strong heat development during 
polymerization.  
6.2. NMR Investigations on Surfactants 
 
Figure 70: 13C-DEPT135 spectra of the used surfactants (AV 500 in C6D6, surfactant names stated in 
the Figure). Peak assignments are identical to 13C{1H}-NMR spectra. CH3- and CH-groups 
result in positive signals (up) and CH2-groups in negative signals (down). The 
comparison with the 13C{1H}-NMR spectra allows for the determination of quaternary 
carbons (non-proton bearing carbons cannot be seen in the DEPT135-spectra). 
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Figure 71:  13C{1H}-NMR (top) and 1H-NMR spectra (bottom) of Span 80 with assignments and 
chemical moieties (AV500 in C6D6).  
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1H-NMR of Span 80 (500 MHz, C6D6, δ[ppm]): 0.81 (t, 3H23, CH3); 1.21-1.28 (m, 20H9-11,16-21,22, CH2); 
1.54 (m, 2.5H8); 1.94-1.99 (m, 3.5H12,15); 2.20 (s, 2H7), 2.68 (s, 0.3H, -OH); 3.25-5.10 (noisy, 5.5H1-4, 
sorbitan ester); 5.25 (q, 2H13,14).  
13C{1H}-NMR of Span 80 (126 MHz, C6D6, δ[ppm]): 14.41 (C23, CH3); 23.02 (C8, CH2); 23.14 (C22, CH2); 
25.26 (small, CH2); 26.01 (small, CH2); 27.60 (small, CH2); 29.46 (CH2); 29.81 (CH2); 29.87 (CH2); 30.08 
(CH2); 30.25 (CH2); 31.98 (C21, CH2); 32.30 (small, CH2); 32.43 (C12,15, CH2); 33.09 (C7, CH2); 34.24 
(broad, CH2); 72.89 (noisy, sorbitan ester); 130.04, (CH, C13,14); 173 (RCOOR).  
As can be seen in the Span 80 13C{1H}-NMR spectrum (Figure 71 top), the sorbitan ester ring 
signals are weak and additional small peaks (small) were observed (impurities). This can be 
residual solvents but also isomers and oligomers of the starting materials used to synthesize 
Span 80. In Figure 72 the various forms of the ring closing products of sorbitol via the 
condensation reaction and the simplified synthesis process to obtain Span 80 via 
esterification (inside the box) are shown. As indicated in the data sheet of Span 80 various 
carboxylic acids (oleic acid (C18:1), palmitic acid (C16:0) and stearic acid (C18:0)) are present 
and may take part in the reaction to prepare Span 80. This results in a complex mixture of 
various reaction products and, therefore, the peak assignment is rather difficult. 
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Figure 72:  Various isomers and reaction products formed during the condensation of sorbitol to 
synthesize Span 80 via the esterification of sorbitan (furanose form) with carboxylic 
acids (RCOOH). Mainly, oleic acid (C18:1) is used as carboxylic acid. However, also 
palmitic (C16:0) and stearic acid (C18:0) are stated in the data sheet which results in a 
complex isomeric mixture.   
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Figure 73: 13C{1H}-NMR (top) and 1H-NMR spectra (bottom) of Hypermer 2296 (AV500 in C6D6). 
Compared to Span 80, only additional peaks of PIBSA are assigned.  
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Figure 74:  Possible synthesis of PIBSA via an Alder-Ene reaction of poly(isobutylene) (PIB) and 
succinic anhydride (SA) and the proposed chemical structure of the main compound of 
Hypermer 2296, whereby the main compound is formed via the addition reaction of a 
sorbitan ester (R) on PIBSA and subsequent hydrogenation.  
In Figure 74 the proposed synthesis reaction is stated for the preparation of PIBSA. 
Furthermore, the addition reaction of sorbitan ester (R) on PIBSA is shown which should 
result in the stated main compound of Hypermer 2296. However, various other isomers and 
oligomers are possible. Since the chemical shift of the technical surfactants Span 80 and 
Hypermer 2296 are identical, only the additional chemical shifts for Hypermer 2296 
compared to Span 80 are indicated in bold. The labels of carbon atoms for assignments of 
the chemical shifts are shown in Figure 75. 
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Figure 75: Chemical structure of poly(isobutylene succinic anhydrid) with labels of the carbon 
atoms. 
1H-NMR of Hypermer 2296 (500 MHz, C6D6, δ[ppm]): 0.76 (q, 3H, -CH3); 0.89 (s, 0.6H12, term.-CH3); 
1.02 (s, 1.8H, H10,-CH3); 1.08-1.24 (m, 8.3CH2); 1.33-1.40 (m, 0.8CH2); 1.43-1.58 (m, 1.4H); 1.89 (pent, 
1.7H); 2.18 (m, 0.7H); 2.63 (m, 0.2H); 2.74-5.06 (noisy, 1.3H); 5.21 (t, 1H).  
13C{1H}-NMR (126 MHz, C6D6) δ[ppm]): 11.67 (small); 14.71 (C23, CH3); 19.48 (small); 19.95 (small); 
20.84 (small); 22.91 (small); 22.98 (C8, CH2); 23.10 (C22, CH2); 25.24 (small, CH2); 25.95 (small, CH2); 
26.10 (CH3); 27.58 (small, CH2); 28.34 (small, CH3); 29.41 (CH2); 29.82(CH2); 30.53 (no DEPT); 31.39 
(CH3); 31.58 (large, C12, CH3,); 31.93 (C21, CH2); 32.26 (small, CH2); 32.39 (C12,15, CH2); 32.72 (small, 
CH2); 33.04 (C7, CH2); 33.11; 33.17; 33.87; 34.18 (broad, CH2); 34.80 (CH3); 38.15; 38.44 (large, C9); 
39.51 (small, CH2); 39.79 (small, CH2); 59.91 (large, C8,11); 70.66-88.69 (noisy, sorbitan ester); 129.93 
(C6D6); 130.01 (CH, C13,14); 130.43 (CH/CH3); 171.8-174.24 (RCOOR); 177.9 (RCOOH). 
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Figure 76: 13C{1H}-NMR (top) and 1H-NMR spectra (bottom) of Hypermer 1083 with assigned 
atoms and chemical moieties (AV500 in C6D6).  
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Figure 77:  13C{1H}-NMR (top) and 1H-NMR spectra (bottom) of Arlacel P135 (top) and Hypermer 
B246sf (bottom) with assigned atoms and chemical moieties. Due to the paste-like 
viscosity coupling of protons in 1H-NMR is strong (AV500 in C6D6). 
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Figure 78: 13C{1H}-NMR (top) and 1H-NMR spectra (bottom) of Arlacel P135 with assigned atoms 
and chemical moieties (AV400 in CDCl3). 
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As can be seen in the Hypermer 1083 NMR-spectra (Figure 76), high amounts of impurities 
are remaining in the sample (stated as small). Furthermore, the characteristic chemical 
shifts in 13C{1H} of C9 and C12 (∼37.9 ppm) cannot be identified and, therefore, no or less 
hydroxyl moieties are present in the hydrophobic hydrocarbon chain.  
1H-NMR of Hypermer 1083 (500 MHz, C6D6, δ[ppm]): 0.79 (sex, 3H19, -CH3); 1.17 (sep, 
20H4-8,13-17, -CH2); 1.46 (m, 4H9,12, -CH2); 1.93 (t,t,s, 3H3); 2.13 (m, 2H2); 2.68 (t, 0.2H, -OH); 3.45 (m, 
2H, PEO); 3.5-5.0 (noisy, 5H, sorbitan ester); 5.27 (pent., 2H10,12).  
13C{1H}-NMR of Hypermer 1083 (126 MHz, C6D6 δ[ppm]): 14.40 (C19, CH3); 23.11 (C18, CH2); 25.54 
(medium, C3, CH2); 25.62 (small,C8,13,CH2); 29.59-32.37 (overlapped, CH2); 33.07 (small, CH2); (large, 
C17, CH2); 34.05-34.72 (CH2); 63.53 (small,C20,21,CH2); 69.39-70.74 (noisy, PEO, CH2); 71.06 (C10); 
172.82 (RCOOR, C1, quart. C).  
Arlacel P135 and Hypermer B246sf are identical in their NMR spectra. Additionally, the peak 
assignment of the 1H-NMR in C6D6 was difficult as the samples were too concentrated and 
highly viscous resulting in a strong coupling of the protons. Therefore, Arlacel P135 was also 
measured in chloroform (CDCl3) although it is a less suitable solvent and precipitation of the 
surfactant occurs easily.  
1H-NMR of Arlacel P135 (400 MHz, CDCl3, δ[ppm]): 0.79 (t, 3H, CH3); 0.97-1.13 (m, 23H3-19); 1.25 (m, 
0.08H); 1.33 (s, 3H); 1.47 (s, 2H); 1.78 (small, 0.1H3); 2.09-2.21 (m, 1.6H2); 3.47 (m, 11H, PEO); 4.04 (t, 
0.3H); 4.70 (t, 0.7H); 5.19 (0.1H); 7.32 (small), 7.91 (small); 7.96 (small), 9.53 (small).  
13C{1H}-NMR of Arlacel P135 (101 MHz, CDCl3, δ[ppm]): 13.9 (C19, CH3); 22.4; 22.5 (C18, CH2); 23.6 
(small), 24.7; 25.0; 25.1 (C3,8,13); 26.2 (CH2); 25.3(CH2); 29.0-29.5(CH2); 31.6 (C2, CH2); 31.8 (CH2); 33.7 
(small); 32.4 (small); 33.9 (C9,12, CH2), 34.1; 34.4; 34.7; 37.4; 42.5 (small); 61.3 (small); 63.1; 69.0; 70.7 
(CPEO); 71.3 (CH2); 72.5 (small); 73.6 (CH2, -OH); 80.7 (small, quart. C); 130.1 (small, CH2); 173.1 (small, 
CH2); 175.4 (small, quart. C1, RCOOR). 
1H-NMR of Arlacel P135 (500 MHz, C6D6, δ[ppm]): 0.81 (t, 3H, CH3); 0.95-2.0 (m, 12.5H); 2.16 (m, 
1.3H); 3.51 (m, 0.5H); 4.80 (m, 0.3H).  
13C{1H}-NMR of Arlacel P135 (126 MHz, C6D6, δ[ppm]): 14.43(CH3); 23.07 (CH2); 23.18 (CH2); 25.55 
(CH2); 25.80 (CH2); 26.24 (CH2); 29.70-30.25 (CH2); 32.32-32.49 (CH2); 34.63-34.77 (CH2); 38.18 (CH2); 
70.92; 71.03 (PEO, CH2); 73.42 (q, C); 130.54 (q, C); 172.28 (RCOOR, q, C).  
1H-NMR of Hypermer B246sf (500 MHz, C6D6, δ[ppm]): 0.80 (t, 3H, CH3); 0.95-2.0 (m, 13.5H); 2-3 (m, 
1.6H); 3-4 (m, 0.7H); 4.1-5 (m, 0.3H).  
13C{1H}-NMR of Hypermer B246sf (126 MHz, C6D6, δ[ppm]): 14.06 (q, C); 14.41 (CH3); 23.05 (CH2); 
23.16 (CH2); 25.34 (CH2); 25.53 (CH2); 25.78 (CH2); 26.22 (CH2); 29.65; 29.72 (CH2); 29.90 (CH2); 30.08 
(CH2); 30.28 (CH2); 30.39 (CH2); 32.30 (CH2); 32.47 (CH2); 33.05; 34.22; 34.61 (CH2); 34.76 (CH2); 38.13 
(CH2); 71.01 (q, C); 71.30 (CH3); 73.40 (CH3); 130.52 (q, C); 172.26 (quart. C); 175.77 (quart. C).   
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6.3. Mass Spectrometry of Surfactants 
 
Figure 79:  ESI-MS spectrogram of Span 80 with m/z ratio and relative intensity of the signals. 
 
Figure 80:  ESI-MS spectrogram of Hypermer 2296 with m/z ratio and relative intensity of the 
signals. 
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Figure 81:  MALDI-TOF-MS spectrogram of Hypermer 2296 with m/z ratio and relative intensity of 
the signals.  
 
Figure 82:  ESI-MS spectrogram of Hypermer 1083 with m/z ratio and relative intensity of the 
signals. 
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Figure 83:  MALDI-TOF-MS spectrogram of Hypermer 1083. In the inset the m/z region between 
1500 – 3000 is shown in more detail. The series of peaks with a mass interval of 44 
between adjacent peaks corresponds to the molar mass of the C2H4O unit of PEO. 
 
Figure 84:  ESI-MS spectrogram of Hypermer B246sf with m/z ratio and relative intensity of the 
signals.  
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Figure 85:  ESI-MS spectrogram of Arlacel P135 with m/z ratio and relative intensity of the signals.  
 
Figure 86:  MALDI-TOF-MS spectrogram of Hypermer B246sf. In the inset the m/z region between 
1500 – 4000 is shown in more detail. The series of peaks with a mass interval of 44 
between adjacent peaks corresponds to the molar mass of the C2H4O unit of PEO. 
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Figure 87:  MALDI-TOF-MS spectrogram of Arlacel P135 with m/z ratio and relative intensity of the 
signals. 
6.4. Additional Information on Interfacial Tension Measurements of 
Surfactants 
 
Figure 88:  A freshly prepared pendant droplet containing deionized water surrounded by an 1:3 
mixture of ST:DVB and Span 80 as surfactant (left). After time a beclouded steric solid-
like interface is developed (middle), which can be broken up by increasing the 
pressure/volume within the droplet (right). The figure is shown in order to picture the 
dense, steric barrier on the droplet surface formed by the surfactant molecules.  
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Influence of the Electrolyte on the Interfacial Tension Measurements 
A water droplet is very sensitive to even small vibrations (because of the low viscosity of 
water) when hanging in the pendant drop machine, so the introduction of calcium chloride 
(CaCl2) reduces the vibration sensitivity of the droplet (by making it possibly more viscous) 
during the interfacial tension measurements. Adding CaCl2 resulted in a better fitting of the 
droplet shape, which is expressed in the shape parameter B. The influence of the electrolyte 
is not significant at surfactant concentrations around the CMC (Figure 89). The dissolved 
CaCl2, presumably, causes faster and denser adsorption of the surfactants at the interface 
(because of complexation of the surfactant head group) and decreased solubility of the 
surfactant in the aqueous phase. 
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Figure 89:  Interfacial tension as function of the Hypermer 1083 amount against deionized water, 
0.04 mol/L and 0.50 mol/L aqueous CaCl2 solutions. The lines are provided only as 
guides for the eye. 
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Influence of the Initiator on the Interfacial Tension Measurements 
The influence of initiators commonly used to initiate the polymerization of the continuous 
monomer phase of the emulsion template on the IFT measurements has not yet been 
considered so far. As can be seen in Figure 90, an aqueous KPS solution does not affect the 
IFT compared to 0.04 mol/L aqueous CaCl2 solution. However, the oil-soluble initiator AIBN 
significantly influences the IFT and can possibly act as a plasticizer (e.g. the organic by-
product of the AIBN decomposition). However, at high surfactant concentrations the IFT was 
the same as for the surfactant solutions without initiator presents. 
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Figure 90:  Influence of water-soluble KPS dissolved in 0.04 mol/L aqueous CaCl2 solution and oil-
soluble AIBN dissolved in the surfactant-containing oil phase on the IFT of a 1:3 mixture 
of ST:DVB containing the Hypermer 1083 surfactant. It can be seen that KPS does not 
affect the IFT whereas AIBN does, particularly at low surfactant amounts. 
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Interfacial Tension (IFT) Depending on the Surfactant amount (in [wt.-%]) 
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Figure 91:  Interfacial tension as a function of the surfactant amount [wt.-%] of a 1:3 mixture of 
ST:DVB containing different surfactants (stated in the legends) measured against 
aqueous CaCl2 solution. The lines are provided only to guide the eye. BM is a 1:2 
mixture of Hypermers B246sf and 2296 and AM is a 1:2 mixture of Arlacel P135 and 
Hypermer 2296.  
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6.5. Morphological and Physical Properties of polyM/HIPEs 
SEM Investigations of polyH/MIPE Monoliths (1st generation polyHIPEs) 
SEM as Quality Control  
So far, there are no predictive quality control parameters to investigate whether an 
emulsion template will indeed upon polymerization result in the desired polymer foam or 
not. Since the emulsification process is not automated and, therefore, fault-prone, it is not 
possible to verify the successful preparation of an emulsion template after subsequent 
polymerization, purification and drying of the polymerized emulsion templates26.  
 
Figure 92:  Characteristic SEM images of various polyMIPEs (a)-i)) in order to investigate the 
repeatability of the synthesis of polyMIPEs in terms of morphology and pore size range. 
All polyMIPEs possessed similar pore morphologies, except for sample f), which 
exhibited a so-called multi-structure. Image g) and h) show rougher polymer walls 
compared to the other samples as these samples where freeze dried instead of drying 
in the convection oven (more details in this term are shown in Chapter 6.7). 
                                                 
26  Unless otherwise stated, all following mentioned polyM/HIPE samples in the Supplementary Section were 
prepared using Hypermer 1083 instead of Hypermer 2296 as surfactant and were further processed as 
described in Chapter 3.4. The internal phase volume for polyMIPEs and polyHIPEs is 60 vol.-% and 
80 vol.-%, respectively, with respect to the total emulsion volume. 
6. SUPPLEMENTARY INFORMATION 
 
211 
Then, SEM investigations allow the determination of former successful emulsification by 
investigating if the desired morphology of the resulting polymers was obtained. In order to 
determine the reproducibility of the emulsion templating approach for synthesis of 
macroporous polymers with desired pore structure and physical properties nine different 
polyMIPE batches were prepared by polymerizing an identical emulsion formulation and 
investigated by SEM. The comparison of the SEM images of these different batches (Figure 
92) indicates that the obtained typical ‘polyHIPE’ morphology of the polymer foams can in 
principle be reproduced. Nevertheless, also a polyMIPE with a so-called ‘multi-structure’ was 
obtained for one sample (Figure 92f). Therefore, one must be aware that apparent identical 
emulsion templates and emulsion templating processes may result in unusual polymer foam 
morphologies which were not expected from the carried out emulsion templating process 
(e.g. multi-structure). Additionally, macroporous polymer samples from various batches 
even when prepared from an otherwise identical emulsion template should not be mixed 
for analytical characterizations since the resulting physical properties can be quite different.  
 
Figure 93:  SEM images of poly(DVB-ST)MIPEs, which resulted in a so-called multi-structure. In 
detail, the resulting polymer foam morphologies were obtained from polymerized 
emulsion templates prepared at different emulsification times of one batch after 
a) 5 min, b) 10 min and c) 15 min at a stirring rate of 2000 rpm. Exemplary, Figure d) 
shows the multi-structure in higher magnification. 
6. SUPPLEMENTARY INFORMATION 
 
212 
A possible explanation for this unusual multi-structure polymer foam morphology is given 
below. The so-called multi-structure of these polyM/HIPEs possesses two distinct regions; 
small interconnected pores which possess the typical polyHIPE structure and larger pores 
from water droplets. As depicted in Figure 92f, the morphology of the resulting polymer 
foams is sometimes not well developed and this kind of morphology cannot be changed by 
extended stirring time of the former emulsion template (Figure 93a-c). These emulsions 
possess visually a low emulsion stability and already start to phase separate slightly during 
the polymerization process but the resulting polymer foams usually possess slightly higher 
mechanical properties compared to foams with classical polyHIPE structure.  
Since the process is fault-prone, various experiments to prepare selectively this multi-
structured polymer foam were carried out; e.g. foaming air into the pure organic phase or 
into the emulsion template to obtain this kind of morphology. However, in both cases the 
typical ‘homogenous’ polyHIPE morphology was observed. One possible explanation is that 
this multi-structure morphology occurs when residual surfactant, which sticks after addition 
of the surfactant to the organic continuous phase e.g. on the glass wall of the emulsification 
vessel27 is stirred into the emulsion after successful emulsification. This morphology was 
also obtained by Wong et al. [72, 242] and Ikem [425] gives hints to the explanation below. 
However, the reason why this structure is obtained was not stated there. Wong et al. [242] 
obtained this structure by adding simultaneously pre-solved surfactant (Hypermer B246sf 
resulting in closed porous morphology) during adding the water phase to a Pickering 
stabilized emulsion template and stirred for further 30 sec. In this case not all dispersed 
water droplets were sheared. This can be compared to Ikem [425] who added directly 
Hypermer 2296 afterwards to the ready Pickering emulsion template. As it was observed 
that the viscosity decreased dramatically with adding of the surfactant and, therefore, this is 
a hint that the particle network which covers and stabilized the interface is disturbed. This 
can be confirmed via Energy-Dispersive Spectroscopy (EDS, Figure 94). As seen in Figure 94 
left, the truly polymerized Pickering stabilized emulsion template (closed porous) the 
particles completely cover the interface. However, the addition of Hypermer 2296 to a 
ST:DVB oleic acid modified silica particles (OA-SiO2) emulsion template results in an open 
                                                 
27  To clarify; the organic phase is added first to the reaction vessel (Figure 17), followed by AIBN which is 
dissolved under stirring. After complete dissolving of AIBN, the surfactant is added to the vessel via a 
syringe. This can results in wrong addition because some kind of surfactant may stick on the glass wall or 
on the anchor stirrer.  
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porous polymer foams having a less dense layer of partciles at the interface. Also OA-SiO2 
clusters were visible where it was assumed that the samples breaks easily.  This clearly 
indicates that the particles were covered by the surfactant and that the surfactant stabilized 
the emulsion template and resulting in an openness. Therefore, it is now assumed that the 
(thermo)dynamics of the surfactant adsorption are different if the surfactant is pre-
solubilized in the organic phase (initial emulsion template) or origins additionally from the 
glass wall of the experimental set-up after emulsification (surfactant added to a ready 
emulsion template, Figure 93).  
 
Figure 94:  Silica mapping via energy-dispersive spectroscopy (EDS) in a SEM of a left) closed 
porous polyPickering(ST-DVB)HIPE. The silica particles (bright yellow areas) at the 
interface are inside of the pores and are responsible for the stability of the former 
emulsion template. Right) after addition of Hypermer 2296 to a ready Pickering 
emulsion template the surfactant covers the particles. The coverage is responsible for 
the whole distribution within the open porous monolith after polymerization. 
To conclude, SEM is an excellent quality control tool which allows determination of the 
successful preparation of the emulsion template and its polymerization product. However, 
every prepared polymer foam need to be investigated morphologically before being further 
tested (e.g. mechanical properties) as sometimes unexpected polymer foam morphologies 
are obtained although seemingly identical emulsion templates were processed. Therefore, it 
is highly recommended not to mix samples from different batches in order to determine 
physical properties, especially mechanical properties as they can be different from batch to 
batch (see Figure 64). Additionally, it is advantageous to develop in-line analytics in order to 
determine the successful preparation during emulsification and to develop parameters 
which allows the prediction of droplet sizes and resulting pore sizes before SEM 
investigations. 
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Pore Size Distribution within a Monolith of polyM/HIPE Prepared by 
Immediately Polymerizing Emulsion Templates Directly after Emulsification 
(1st Generation polyHIPEs) 
When an emulsion is quite poly-disperse, larger aqueous phase droplets can sediment faster 
to the bottom (Stoke’s Equation 1) and, therefore, affect the pore size distributions and 
maybe the physical and mechanical properties throughout the monolith. However, smaller 
droplets, which are packed between the spaces of larger ones, can increase the stability of 
the emulsion droplet packing (less sedimentation) due to some additional attractive 
interdroplet forces. This poly-disperse emulsion droplet packing distributes the compressive 
load in the resulting polymer foams better and results therefore in higher mechanical 
properties, e.g. seen for multi-structure polyHIPEs (see above). It is commonly observed that 
the organic phase is expelled on top of the emulsion and the water droplets sediment to the 
bottom if the emulsion is not stable (Figure 32). This means that the droplet packing will be 
denser at the bottom of the emulsion and resulting in a higher porosity at the bottom of the 
polymer foam. Therefore, the resulting polymer walls are thinner, mechanical properties 
lower and permeability maybe higher. However, the determination of film thickness in the 
emulsion template or wall thickness in the resulting polymer is challenging. 
As HIPEs possess a high viscosity and a better emulsion stability compared to MIPEs, it is 
expected that the droplet/pore size in HIPEs/polyHIPEs is not much affected by 
sedimentation processes. However, the higher and denser droplet packing in HIPEs can also 
increase coalescence and coarsening as the continuous phase films between neighbouring 
droplets are thinner and the droplets closer to each other compared to e.g. MIPEs. MIPEs 
usually possess a reduced emulsion stability compared to HIPEs due to the less efficient 
droplet packing and less droplet interaction resulting in a higher sedimentation rate 
compared to HIPEs. Therefore, in MIPEs droplet sedimentation can occur faster as the 
hindered sedimentation is reduced and, therefore, resulting pore sizes can be larger at the 
bottom of the solid polymer sample. In order to verify the differences between MIPEs and 
HIPEs, respective polyM/HIPEs, and to determine the drift of pore sizes within the monolith 
due to sedimentation effects (emulsion instability) SEM investigations were carried out on 
different parts of the monolith. The pore sizes and morphologies are visibly not different 
between different parts of the monolith for polyHIPEs (Figure 95a-c) and polyMIPEs (Figure 
96b).  
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Figure 95:  SEM images of different parts of a polyHIPE monolith; a) specimen 2, b) specimen 4, c) 
bottom specimen and d) the skin area of specimen 4 as stated in Figure 18. 
 
Figure 96: SEM images from; a) top layer specimen 1 of a polyMIPE monolith and b) from 
specimen 3 middle area as stated in Figure 18. 
Only the border area, where the emulsion was in interaction with the polypropylene (PP)-
centrifuge tube (Figure 95d) and the top specimen layer (Figure 96a), have a different 
morphology. At the air-emulsion interface monomers and water are able to evaporate 
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during polymerization, causing ‘phase separation’ which affected the morphology on top of 
the monolith. Polymer foam specimens from near the centrifuge walls (Figure 95d) have a 
more inhomogeneous morphology and smaller pore sizes probably caused by the 
preferential wettability of PP by the organic phase of the emulsion template [352]. The 
concave shape (tapering) of the PP-centrifuge tube at the bottom affects the final 
morphology of the polymerized emulsion template and mechanical properties of the 
bottom specimen. The best developed pore morphology was observed in the middle part of 
the monolith (Figure 95b and Figure 96b). In this area no additional interactions with 
surrounding air or the mould occurs and, therefore, an almost ‘true’ and unaffected 
emulsion template structure is obtained.  
 
Figure 97:  Comparison of average pore size distribution density function (log-normal) versus pore 
size diameter d(P)0 of a polyHIPE monolith (left) and polyMIPE monolith (right). In order 
to determine the drift of pore sizes within a monolith, different parts (specimen) of the 
monolith were analysed.  
The average pore size for polyMIPEs does not change within the monolith (Figure 97 right). 
Therefore, no partial sedimentation of dispersed droplets did occur, which results in 
increased droplet/pore sizes at the bottom of the polyMIPE monolith. The slightly smaller 
pore sizes in polyMIPEs compared to polyHIPEs can be caused by the emulsification process 
since the emulsion viscosity of MIPEs is lower as of HIPEs and therefore MIPEs can be easier 
emulsified (droplet break-up during emulsification). The determined pore size distributions 
for polyHIPEs (Figure 97 left) varied with respect to the specimen number (see Figure 18). 
The smallest maximum average pore size was obtained for the bottom specimen and the 
largest pore size for specimen 2. This is opposite to the common expectation that the pore 
sizes can be only larger for the bottom specimens. However, it is also possible that kind of 
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pore throats were counted as a pore and distort the results slightly. To conclude, no obvious 
droplet sedimentation was observed in HIPEs or MIPEs. Significant influences on the 
morphology of polyM/HIPEs were only be found near the edge of the polymerization mould 
caused by preferential wettability and at the interface air on top of the emulsion template.  
6.5.1. Initial Droplet Sizes of Emulsions 
It is known that the emulsion droplet structure at the gel-point of the polymerization is the 
template for the pore size distribution of the resulting polymer foam. This fact has been 
often proofed via optical microscopy where it was found that droplet and pore sizes are 
equal in range see e.g. Ref. [261] or Chapter 4.1.3. For the present system, set-up and 
emulsification parameters the average droplet and pores sizes are expected in range of 
d = 1 µm - 5 µm. However, optical microscopy investigations are difficult as they usually 
require diluted emulsions and because interactions of emulsion droplets with the glass slide 
occur (see Chapter 4.1.3, Figure 34) which affects both the morphology and the droplet size 
distribution. Furthermore, there are some hints that the initial droplet size of the emulsion 
template is significantly smaller than the resulting pore size in the polymer foams since time 
and temperature affects the final pore size distribution (see Supplementary Part 6.6.1.) 
Laser Diffraction in Order to Determine the Initial Droplet Size of Emulsions 
In order to determine the initial droplet size distribution of the emulsion template before 
polymerization, laser diffractometer measurements (Mastersizer) have been used in the 
past [13, 426]. In this present study droplet sizes of the emulsion templates were measured 
by Laser Diffraction (Mastersizer 2000 Ver. 2.00, Malvern Instruments, Malvern, U.K.) in 
order to determine the initial droplet sizes of the emulsion template.  
An aliquot of a freshly prepared standard emulsion26 (approximately 0.5 mL) was dispersed 
and measured in the internal phase as dispersant (100 mL) for the laser diffraction 
measurements. Analysis was done in triplicate. The results are presented in terms of median 
diameter (d10), Sauter diameter (d32) and the span which were calculated by the Malvern 
Software Version 3.0. Then, the obtained droplet sizes were compared with the pore sizes of 
the polymer foam resulting from this particular emulsion. It is obvious that the results are 
significantly different (Table 27) when comparing the droplet size results of the Mastersizer 
measurements and the resulting pore sizes via SEM.  
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Table 27:  Droplet size distribution (d(D)), uniformity and span obtained by laser diffraction 
(Mastersizer) measurements for different emulsion samples in order to verify the 
reliability of the method compared to the determined pore sizes (d(P)10) via SEM. 
Sample 
d(D)10 
[µm] 
d(D)32 
[µm] 
Uniformity Span 
Pore sizes after 
polymerization 
(SEM) 
d(P)10 [µm] 
80% HIPE ‘standard’ 
procedure26 
26 40 0.97 0.3 
4.8 ± 1.6 Pre-dispersed in water 18 18 1.61 0.5 
Pre-dispersed in 
PDDAC 
17 14 2.42 1.4 
      
80% HIPE emulsified 
at 500 rpm for 5 min 
19 30 0.32 1.0 20.4 ± 10.7 
For 10 min 24 35 0.27 0.9 10.5 ± 6.2 
For 15 min 29 40 0.23 0.8 7.6 ± 3.6 
      
80% HIPE emulsified 
at 1000 rpm for 5 min 
28 44 0.28 0.9 6.7 ± 2.4 
For 10 min 31 47 0.32 1.0 5.7 ± 2.2 
For 15 min 20 59 1.15 4.4 5.7 ± 2.0 
Remark: d10 = arithmetic mean, d32 = Sauter diameters (description see Table 10). 
For example, the droplet size diameter determined via the Mastersizer for a HIPE at 
d(D)10 = 26 µm compared to resulting pore sizes of d(P)10 = 4 µm via SEM investigations. 
Some attempts were undertaken to separate the obviously aggregated emulsion droplets 
into single droplets, such as pre-dispersing the emulsion in the internal phase first (1:100), 
pre-dispersing it in an aqueous solution of the used surfactant (Hypermer 1083) or in 
poly(diallyldimethylammonium chloride) (PDDAC), which is a water-soluble surfactant and 
suitable for ST-DVB emulsion [107]. The pre-dispersion reduces the determined droplet sizes 
but not to such an extend as was determined by SEM for the polymerized emulsion 
templates. Therefore, it was not possible to separate the emulsion into single droplets 
which is an indication for strong aggregation (Figure 4). Additionally, with higher applied 
stirring speed and extended stirring time for the emulsification process the determined 
droplet sizes increase according to the Mastersizer measurements, which contradicts the 
resulting pore sizes determined via SEM. At increased emulsification time of the emulsion 
template the droplet sizes are supposed to decrease. Since the determined droplet sizes are 
then far larger than the resulting pore sizes; the Mastersizer results are once again an 
indication for strong agglomeration of droplets into clusters.  
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To conclude, Mastersizer measurements are not satisfactory and might be misleading, 
because of the fact that the determined droplet sizes do not correspond to the results of the 
resulting pore sizes determined by SEM of polyHIPEs prepared from the emulsion 
templates. The droplet sizes of the emulsion template obtained by Mastersizer 
measurements are far larger than the pore sizes of the respective polymer foam determined 
by SEM. Therefore, no statement about change of the initial droplet sizes of the emulsion 
template during polymerization to the resulting pore sizes can be done by Mastersizer 
measurements. 
6.5.2. Variation of Mechanical Properties within a Single Monolith of 
Immediately Polymerized Emulsion Templates (1st Generation 
polyHIPEs) 
A seen earlier, the standard deviation of the mechanical properties is large (e.g. Figure 64). 
Usually only one representative stress-strain curve is shown in the plots earlier because for 
clarity. In order to visualize the change in the mechanical properties in one batch (monolith) 
Figure 98 shows typical compression stress-strain curves for five specimens (Figure 18) cut 
from a single monolith (1st generation polyMIPE26). The elastic moduli (E) differ depending 
on the position within the polyMIPE monolith from which they were obtained. The highest 
elastic moduli (E) were determined for specimens cut from the middle of the monolith, 
usually the lowest elastic moduli (E) were determined for the samples taken from the top 
(first 0.5 cm of the monolith are discarded and not included in this specimen) and bottom 
specimen. Figure 99 juxtaposes the respective mechanical properties. The elastic moduli 
(E), the elastic crush strengths (y) at yield and the ultimate crush strengths (u) are shown. 
As can be seen, both crush strengths behave similarly and were almost independent from 
the specimen numbers except specimen 5. However, the elastic moduli (E) changed 
significantly throughout the monolith. Therefore, it can be concluded that the mechanical 
properties obviously change within the monolith and that specimen 1 and 5 are not 
representative for the whole sample and should be neglected for forthcoming 
measurements. Usually, at least five specimens are analysed to obtain statistically 
significance. However, only the three middle specimens (2 - 4) were finally measured as 
they represent the real foam properties.  
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Figure 98:  Exemplary stress-(crosshead)-strain curves for one 1st generation monolith (poly(DVB-
ST) MIPE) as determined  for a range of samples cut from one polyMIPE monolith (as 
indicated in Figure 18).  
The energy absorption capacities, namely the areas under the elastic crush strength at yield 
(modulus of resilience, MR) and the area until the ultimate crush strength is reached 
(modulus of toughness, MT), of the above mentioned samples were calculated and are 
presented in Figure 100. In the case of the specimens numbered 2 - 4 the elastic moduli (E) 
and the crush strengths slightly decrease but the moduli of resilience (MR) and toughness 
(MT) as well as the quotient of MT/MR are almost constant. For the specimen numbered 1 
the elastic modulus (E) is low but elastic crush strength (y), ultimate crush strength (u), 
moduli of resilience (MR) and toughness (MT) are equal to the specimens 2 – 4 within the 
error (compare Figure 99 and Figure 100). Specimen 5 is almost similar to specimen 1 in 
terms of the elastic modulus (E), the ultimate crush strength (σu) and the elastic crush 
strength (σy) (Figure 99). In contrast, the modulus of resilience (MR) is increased whereas the 
modulus of toughness (MT) is decreased (Figure 100).  
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Figure 99:  Juxtaposition of elastic moduli (E), elastic crush strength (y) at yield and ultimate crush 
strength (u)of polyMIPE samples cut from on poly(DVB-ST) MIPE monolith (as 
indicated in Figure 18). 
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Figure 100:  Energy absorbent capacity, namely modulus of resilience (MR) and toughness (MT), of 
a polyMIPE monolith as function of the sample position from which they were 
obtained as indicated in Figure 18. 
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The increase of the modulus of resilience (MR) indicates that specimen 5 is more elastic and 
do not show any plastic behaviour (Figure 98), which can be seen also in the decreased 
modulus of toughness (MT) as well as in the ratio MT/MR ≈ 1. As shown earlier, the pore sizes 
are not much changed within the monolith which can cause the changed mechanical 
properties. Since only a small amount of surfactant molecules is adsorbed at the interface (≈ 
1 wt.-%) [413], a high amount of surfactant excess remains in the emulsion template 
(solubilized or as micelles) and can sediment to the bottom via gravitational force. Then, the 
mechanical properties of the bottom specimen (specimen 5) are significantly affected by the 
embedded surfactant (plasticization) resulting in increased elastic properties. 
To summarize, the mechanical properties change within the monolith, especially the 
modulus of resilience (MR) and the modulus of toughness (MT) (Figure 99) and, so far, this 
has been neither observed nor stated in literature. The physical properties (see below), such 
as densities, porosity or pore size distribution did not change significantly and remained 
constant throughout the whole monolith. However, SEM investigations revealed that if the 
overall morphology is affected, for instance if multi-structures developed, then slightly 
higher mechanical properties are expected. Generally, care needs to be taken in terms of 
the top and bottom specimen as also the border area of the monolith, especially when 
different specimen diameters were prepared and compared. This is due to the changed 
morphology, compared to samples taken from the middle of the monolith, which results in 
different mechanical properties. In particular, this is important when preparing polymer 
foams in smaller diameter polymerization moulds (see Supplementary Information 6.6.1). 
One possible explanation for the differences in the modulus of resilience (MR) and the 
modulus of toughness (MT) is that sedimentation of surfactant molecules, which plasticize 
the specimen at the bottom, can be responsible for the increased elastic properties of the 
bottom sample.  
Variation of Physical Properties of 1st Generation polyM/HIPEs 
Since the mechanical properties differ over the length of a polyH/MIPE monolith, other 
physical and physico-chemical properties of the polymer foam may also affected, e.g. matrix 
and foam density, pore volume, porosity and BET surface area. For example, since a large 
amount of surfactants is usually used to prepare stable emulsion templates (20 vol.-% with 
respect to the organic phase) and emulsions normally exhibit emulsion sedimentation 
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(Chapter 4.1.3) it can be possible that the resulting physical properties change throughout a 
polymer foam monolith and also that the surfactant sediments towards the bottom of the 
emulsion template. Then, porosity can be larger in the bottom specimen of the resulting 
polymer foam monolith as on top of the monolith.  
Table 28:  Summary of physical properties; fitting parameters of pore size distribution (log-
normal distribution) in order to determine the maximum average pore size d(P)10 and 
distribution, standard deviation (w), normalizing factor (A), matrix- (m) and foam 
density (f), specific pore volume, porosity (P) and BET surface area of poly(DVB-ST) 
M/HIPEs indicated by the internal phase amount depending on the specimen number 
(as indicated in Figure 18).  
  Log-normal fitting      
Specimen 
number 
In
te
rn
al
  
p
h
as
e
 
[%
] 
Pore 
sizes 
d(P)10 
[µm] 
w A 
Matrix 
density ρm 
[g/cm3] 
Foam density 
ρf 
[g/cm3] S
p
e
ci
fi
c 
p
o
re
 
vo
lu
m
e
 
[c
m
3 /
g]
 
Porosity P 
[%] 
BET surface 
area 
[m2/g] 
0 
60 
   1.08 ± 0.01  
 
  
3 3.5 0.4 0.10  0.374 ± 0.005 1.7 65.8 ± 0.5 1.53 ± 0.03 
5 3.6 0.4 0.10  0.376 ± 0.002 1.6 65.8 ± 0.5 1.64 ± 0.02 
0 
80 
   1.09 ± 0.01     
1     0.174 ± 0.001 4.8 84.1 ± 0.5 3.52 ± 0.04 
2 4.8 0.4 0.10  0.172 ± 0.002 4.9 84.3 ± 0.5  
3     0.174 ± 0.001 4.8 84.1 ± 0.5 3.75 ± 0.04 
4 4.4 0.5 0.10  0.177 ± 0.002 4.8 83.8 ± 0.5  
Bottom     0.177 ± 0.001 4.7 83.8 ± 0.5 3.83 ± 0.02 
Bottom-2 4.2 0.6 0.11  0.184 ± 0.002 4.5 83.2 ± 0.5  
In both cases, for polyMIPEs and polyHIPEs the foam density slightly increased and porosity 
decreased from the top to the bottom of the monolith, respectively, but is still in the limits 
of error (Table 28). Considering the maximum error which can occur during the 
measurements (see below) all values are equal within the set of samples. As expected the 
matrix density is equal in both sets because of the fact that the matrix density is 
independent of the foam properties. The average foam density and porosity for a polyHIPE 
containing 80 vol.-% internal phase is ρf = (0.18 ± 0.01) g/cm3 and P = (84 ± 1) % and for 
polyMIPEs containing 60 vol.-% internal phase ρf = (0.38 ± 0.01) g/cm3 and P = (66 ± 1) %, 
respectively. The porosities are normally slightly higher than expected from the internal 
phase volume fraction of the emulsion templates, which is caused by the removal of non-
converted monomers and residual surfactant. For an emulsion template with an used 
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internal phase volume fraction of 60 %, considering the used surfactant amount (8 vol.-% in 
total), a porosity of P = 68 % is expected at 100 % yield in polymerization and P = 84 % in the 
case of a HIPE having 80 vol.-% as internal phase. The BET surface area increased slightly 
from top to the bottom of the monolith but is relatively small (Table 28) and can be only an 
indication for higher amount of nano- mesopores at the bottom specimen. To conclude, the 
matrix and foam densities as also the porosities of the resulting polymer foams are not 
significantly affected by possible separation of compounds and sedimentation of droplets in 
the emulsion templates. Furthermore, all physical properties remained constant within the 
limit of error for all specimens. 
Propagation of Uncertainty in Determination the Physical Properties  
The absolute error of matrix (subscript m) and foam (subscript f) density (∆ρm/f = m/V) can 
be calculated as follows; 
∆ρm/f = |
∂ρm/f
∂m
|  ∙ ∆m + |
∂ρm/f
∂VM,G
|  ∙ ∆VM,G = |
1
VM,G
|  ∙ ∆m + |-
m
VM,G
2 |  ∙ ∆VM,G , Equation 31 
where m is the sample mass, Δm the error of the balance, VM,G the sample volume, ΔVM,G 
the standard deviation of the sample volume obtained by the measurements and ρm/f the 
matrix (ρm) and foam density (ρf). 
Table 29:  Values needed for calculating uncertainty, propagation and absolute errors.  
 Sample 
mass 
m [g] 
Balance 
uncertainty 
Δm [g] 
Sample 
volume 
VM,G [cm3] 
Standard 
deviation 
ΔVM,G [cm3] 
ρm/f 
[g/cm3] 
Absolute 
error 
Δρ [g/cm3] 
Matrix 
density 
1.0000* 0.0002 0.89  0.001 1.12 0.0015 
Foam 
density 
0.4000* 0.0002 0.90 0.002 0.449 0.0062 
* An average value of the sample mass was used for the calculations and is sufficient in order to 
evaluate the average errors of the measurements.    
 
The absolute error of matrix density (ρm ) can be exemplary calculated as follow;  
∆ρm = |
1
0.89 cm3
|  ∙ 0.0002 g + |-
1.0000 g
(0.89 cm3)2
| ∙ 0.001 cm3 Equation 31a 
∆ρm = 0.00022 
g
cm3
 + 0.0013 
g
cm3
  Equation 31b 
∆ρm = 0.0015 
g
cm3
     . Equation 31c 
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The obtained absolute error fits well to the standard deviation obtained by the 
measurements after 10 expansion volumes (Accupyc). However, the error of the matrix 
density is higher with up to ∆ρm= 0.02 g/cm
3 if different batches are compared. The higher 
error depends on the type of samples investigated. For example, elastic samples cannot be 
fully powdered and, therefore, not all closed pores were opened. Additionally, residual solid 
CaCl2 inside closed pores of the polymer foam might also increase the matrix density. The 
absolute error of the foam density (∆ρf) can be calculated in the same way:  
∆ρf = |
1
0.90 cm3
|  ∙ 0.0002 g + |-
0.4000 g
(0.90 cm3)2
| ∙ 0.002 cm3  Equation 31d 
∆ρf = 0.00022 
g
cm3
 + 0.00099 
g
cm3
  Equation 31e 
∆ρf = 0.00121 
g
cm3
     .  Equation 31f 
The resulting calculated absolute error for the foam density is ∆ρf = 0.0012 g/cm
3. The 
obtained absolute error for the foam density fits well to the calculated standard deviation of 
different measurements. However, the error of the foam density is higher with up to 
∆ρf= 0.07 g/cm
3 if different batches of polyH/MIPEs made from otherwise identical 
emulsion template were compared. The error for porosity (P, Equation 32) is additive and 
can be calculated as follows; 
∆P = |
∂P
∂ρf
| ∙ ∆ρf + |
∂P
∂ρm
| ∙ ∆ρm = |
1
ρm
 ∙ 100 %|  ∙ ∆ρf + |-
ρf
ρm
2  ∙ 100 %| ∙ ∆ρm  Equation 32 
∆P = |
1
1.12 
g
cm3
 
 ∙ 100 %| ∙ 0.0012 
g
cm3
 + |-
0.449 
g
cm3
(1.12 
g
cm3
)
2  ∙ 100 %| ∙ 0.0015 
g
cm3
  Equation 32a 
∆P = 0.107 % + 0.054 % = 0.161 %      . Equation 32b 
The calculated absolute error of porosity ΔP is determined to ΔP = 0.16 %. However, the 
error of the porosity is higher with up to ΔP = 1 % if different batches of identical emulsion 
template composition are compared. 
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6.6. Influence of the Polymerization Process on the Resulting Polymer 
Foams (1st Generation polyHIPEs) 
6.6.1. Influence of the Polymerization Mould on the Emulsion Template and 
Polymer Foam Properties of Immediately Polymerized Emulsion 
Templates (1st Generation polyHIPEs) 
It is known that the wettability of an emulsion and e.g. the used polymerization mould does 
have an influence on the emulsion structure and, therefore, the properties of the resulting 
polymer foams. In order to determine the influence of the polymerization mould on the 
mechanical properties one standard emulsion26 was partitioned in a large diameter 
polypropylene (PP)-centrifuge tubes (d = 25 mm, Sterilin) and in a small PP-centrifuge tubes 
(d = 15 mm, Fischerbrand), polymerized and characterized. Hereby, typical morphologies 
resulted but the pore sizes were smaller in the polyHIPEs obtained by polymerization of 
HIPEs in small diameter polymerization moulds (Figure 101 and Table 30).  
 
Figure 101: SEM images of an identical polyHIPE. The HIPE template was partitioned in a) large 
diameter PP-polymerization moulds (d = 25 mm, Sterilin) and b) small diameter PP-
polymerization mould (d = 15 mm, Fischerbrand).  
As can be seen in Table 30, the foam density, pore volume and pore size of the middle area 
of the larger diameter polyHIPE specimen were different compared to those of the small 
diameter specimen. The large specimen results in a foam density of ρf = 0.166 g/cm3 
compared to those of a polyHIPE prepared from the same HIPE in a small centrifuge tube of 
ρf = 0.183 g/cm3 and a specific pore volume of 5.1 cm3/g and 4.6 cm3/g, respectively.  
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Table 30:  Matrix density, foam density, specific pore volume, porosity and resulting average 
maximum pore size (d10) from log-normal fitting of counted pores via SEM, standard 
deviation (w) and normalizing factor (A) of the polymerized emulsion template 
(poly(DVB-ST)HIPE) which was partitioned in two different PP-centrifuges tubes. 
     Log-normal fitting 
 
Matrix 
density ρm 
[g/cm3] 
Foam density 
ρf 
[g/cm3] 
Specific 
Pore 
volume 
[cm3/g] 
Porosity 
P 
[%] 
Pore size 
diameter 
d(P)10 [µm] 
w A 
Skin area from near the 
test-tube wall of large 
diameter 
1.10 ± 0.02 
0.177 ± 0.003 4.7 83.9 --- --- --- 
Middle piece of large 
diameter-3 
0.166 ± 0.001 5.1 84.9 4.49 ± 0.25 0.49 ± 0.06 0.54 ± 0.05 
       
Middle piece of small 
diameter-3 
0.183 ± 0.002 4.6 83.4 4.27 ± 0.14 0.42 ± 0.04 0.50 ± 0.04 
Apex of small diameter 0.174 ± 0.002 4.9 84.2 --- --- --- 
Remark: Large diameter: d = 25 mm PP test tubes; Small diameter: d = 15 mm PP test-tubes 
 
 
Figure 102: Resulting log-normal fitted pore size density distribution functions of an identical 
polymerized emulsion template in different polymerization moulds having different 
diameters as stated in the legend.  
The changed physical properties are caused by the smaller pore size diameters resulting 
from smaller moulds (Figure 102) and presumably higher conversion of the used monomer 
into a polymer. It can be seen that the foam density throughout the monolith is different for 
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the skin (border of the test tube) and the apex areas of the test tube compared to the 
middle specimen. Skin pieces possess higher foam densities and lower specific pore volume 
and porosity than a middle piece of the monolith due to the changed morphologies of the 
polymer foam at the border area (different interfaces, wettability, Table 30). As can be seen 
in Figure 102, the pore size density function versus pore size diameter is different for the 
different used polymerization mould diameters. The smaller pores resulting by 
polymerization of HIPEs in smaller diameter moulds are caused by the fact that the 
polymerization temperature (gel-point) within this polymerization mould is reached more 
quickly than in the large diameter polymerization mould (see Chapter 6.6.1). The thermal 
equilibrium in a smaller polymerization mould is faster reached due to better thermal 
convection. However, this indicates also the pronounced effect of polymerization moulds 
and sample diameter regarding the obtained physical properties and comparison between 
the various specimen sizes is difficult [50, 242, 402]. 
6.6.2. Influence of the Polymerization Temperature on the Resulting Pore 
Sizes in Polymer Foams of Immediately Polymerized Emulsion 
Templates (1st Generation polyHIPEs) 
The inﬂuence of the polymerization temperature on the average pore size of the resulting 
foams has been rarely investigated so far. Richez et al. [11] stated that the average pore size 
of a polymer foam can be expected to increase signiﬁcantly with an increase of the 
polymerization temperature as the rate of coalescence of droplets in the emulsion increases 
through thermal convection. Richez et al. investigated open porous polymer poly(ST-
DVB)HIPEs which were synthesized by polymerization of emulsion templates at 40 °C and 
50 °C using the water-soluble initiator 2,2'-azobis (2-methylpropinonamide) dihydrochloride 
(VA-50). The internal phase contained NaCl as electrolyte to enhance the emulsion stability. 
The resulting polyHIPE morphology was similar when the emulsion templates were 
polymerized at 40 °C and 50 °C and possessed pore sizes in the range of d(P) = 3.9 µm and 
d(P) = 4.3 µm, respectively. This is obviously more an indication that the pore sizes are 
almost temperature independent in this investigated temperature range. The slightly larger 
average pore sizes of the polyHIPEs are not necessarily caused by coarsening/coalescence 
processes or thermal convection since the initial droplet size of the emulsion template was 
not determined [11]. Additionally, it is known from experience that precise repeatability is 
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so far difficult to obtain and, therefore, the determined values might be in the range of error 
(Chapter 4.2.7). Furthermore, they prepared an UV initiated polymer foam which resulted in 
dramatically smaller average pore size of d(P) = 1.6 µm compared to a thermally initiated 
polymer foam having an average pore sizes of approximately d(P) = 4 µm [11]. This 
observation has not been explained by Richez et al. [11]. If both sets of samples (thermal 
and photochemical initiation) are compared, it is obvious that the minimal initial droplet size 
of the emulsion template was at least d(D) = 1.6 µm (assuming the same emulsification 
protocol). This implies that during heating of the emulsion templates, in order to initiate the 
polymerization process, significant coarsening of the droplets occurs, resulting in an average 
pore size within the polymer foam of up to d(P) ≈ 4 µm (thermal convection). Then, the 
statement by Richez et al. [11] that the average pore size of a polymer foam can be 
expected to increase with increasing polymerization temperature is true. However, on the 
other hand emulsions are metastable and so instabilities occur immediately after 
preparation. Therefore, time of polymerization, temperature, thermodynamics and kinetics 
are also of interest in terms of tailoring the resulting polymer foam pore sizes. A faster 
polymerization reaction, as the gel-point may be reached faster, will counteract the time-
dependent emulsion destabilization which immediately starts after emulsification. This 
means that the resulting pore sizes are smaller the higher the polymerization temperature 
since the gel-point is faster reached and, therefore, the coalescence rates is zero (polymer 
foam). Generally, at higher polymerization temperatures a higher rate of initiator decay 
occurs providing more radicals for a faster polymerization reaction (Chapter 2.7.1). Better 
insights are necessary in terms of repeatability, tailoring the pore sizes and how the 
temperature affects the resulting pore sizes. In order to determine the effect of the 
polymerization temperature on the morphology and mechanical properties the 
polymerization temperature of standard emulsion templates resulting in poly(DVB-
ST)HIPEs26 was varied (Table 31). In Table 31 the physical properties of the prepared 
polyHIPEs are summarized. All emulsion templates contained 2 mol-% AIBN in order to 
initiate the thermal polymerization. A visual change of the viscosity of the emulsion 
templates indicates the gel-point. For different polymerization temperatures the gel-point 
was visually determined to be at 30 min. It was not possible to produce fully polymerized 
polymer foams made from emulsion templates consisting ST and DVB via UV initiation in 
order to proof the above mentioned results obtained by Richez et al. [11]. 
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Table 31:  Matrix- and foam density, porosity and specific pore volume of poly(DVB-ST)-HIPEs 
initiated at different polymerization temperatures. 
Polymerization 
temperature 
[°C] 
Matrix density 
ρm 
[g/cm3]  
Foam density ρf  
[g/cm3] 
Porosity P [%] 
Specific pore volume 
[cm3/g] 
25 (70)[a] 1.15 ± 0.02 0.17 ± 0.01 85 ± 1 5.1 
50 1.10 ± 0.02 0.17 ± 0.01 84 ± 1 4.9 
70 1.10 ± 0.02 0.17 ± 0.01 85 ± 1 5.0 
90[b] 1.13 ± 0.02 0.19 ± 0.01 83 ± 1 4.4 
[a] Finally polymerized at 70 °C after 4 weeks storage at room temperature.  
[b] Sample cracked at removing from polymerization mould.  
 
Figure 103:  SEM images of resulting poly(DVB-ST)HIPEs, which were obtained by polymerization 
of HIPEs at different temperatures; a) stored for 4 weeks at 25 °C and finally 
polymerized at 70 °C, b) at 50 °C, c) at 70 °C and d) at 90 °C. 
The obtained UV initiated monolith was jelly-like and, therefore, not suitable for further 
investigations. As can be seen in Figure 103, the morphology of the resulting AIBN initiated 
polyHIPEs does not change much in terms of different polymerization temperatures. 
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Generally, the expected pore size ranges are on average d(P) = 1 µm to 5 µm for all 
polyHIPEs obtained by polymerization of HIPEs prepared by using the same experimental 
set-up and emulsification protocol (Chapter 3.4 and 4.2.7). As seen in Figure 103, only the 
sample polymerized at 90 °C resulted in significantly smaller pore sizes (Table 32).  
Table 32:  Pore (d(P)) and pore throat sizes (d(PT)) via counting of SEM images and the fitting 
parameters; maximum average pore size (d(P)10), standard deviation (w) and 
normalizing factor (A) of the log-normal function for poly(DVB-ST) HIPEs polymerized at 
different temperatures. 
    Log normal fitting 
Polymerization 
temperature 
[°C] 
Pore size 
d(P) (SEM) 
[µm] 
Pore throat size 
d(PT) (SEM) 
[µm] 
Quotient  
(pore throat/ 
pore sizes) 
d(P)10 
[µm] 
w A 
25[a] 7.3 ± 1.7 2.7 ± 0.8 0.4 6.4 ± 0.4 0.33 ± 0.07 0.52 ± 0.09 
50 7.4 ± 2.3 2.1 ± 0.7 0.3 6.8 ± 0.7 0.47 ± 0.09 0.57 ± 0.07 
70 5.1 ± 1.8 1.6 ± 0.6 0.3 4.4 ± 0.2 0.41 ± 0.05 0.50 ± 0.05 
90 4.3 ± 1.6 1.5 ± 0.4 0.4 3.7 ± 0.3 0.53 ± 0.08 0.54 ± 0.07 
[a] Stored for after 4 weeks at room temperature and finally polymerized at 70 °C. 
The foam density of the polyHIPE obtained after polymerization at 90 °C was slightly 
increased and therefore the porosity and specific pore volume decreased. 
This means, at higher temperature more monomer is faster converted into polymer 
(Chapter 2.7). The smaller average pore size of the polyHIPE obtained by polymerization of a 
HIPE at 90 °C was caused by a higher initiation rate of the polymerization process which 
preserved the initial droplet sizes of the emulsion template better (gel-point is faster 
reached). Given the literature evidence [11], it was expected that a higher polymerization 
temperature would result in the average droplet and resulting pore size to increase (thermal 
convection and increased emulsion instability). However, the faster initiation rate reduced 
the resulting pore sizes compared to the standard polyHIPE prepared at 70 °C (d(P) = 5 µm). 
This also indicates that the initial average droplet size of the emulsion template is smaller 
than the resulting average pore size of the sample polymerized at 70 °C. The polyHIPE which 
was supposed to be polymerized at room temperature was still liquid after four weeks 
without any phase separation and, therefore, was finally polymerized at 70 °C. The storage 
of the HIPE for four weeks at room temperature and subsequent polymerization did not 
result in significantly changed polymer foam morphology compared to HIPEs which were 
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immediately polymerized (Figure 103 a). Interestingly, the resulting pore sizes of the 4-
weeks stored sample were almost equal to the pore sizes of the sample which was 
immediately polymerized at 50 °C (Table 32). The span and the average maximum pore sizes 
d(P)10 are shifted to lower values with increased polymerization temperature (Figure 104) 
because the emulsion template is fixed faster. 
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Figure 104: Log-normal density function fitted to the pore size diameters, measured from SEM 
images of poly(DVB-ST)HIPEs produced by polymerization of HIPEs at different 
temperatures as stated in the legend. An exception is the 25 °C sample which was still 
liquid after 4 weeks and then finally polymerized at 70 °C.  
At higher polymerization temperatures kinetic effects of the polymerization reaction define 
the emulsion stability. The polymerization is faster than droplets can coarse and thereby the 
droplets are fixed at the gel-point and no further coarsening is possible. Therefore, the 
initial droplet size of the emulsion template for the used set-up and emulsification 
procedure is at least d(D) ≤ (3.7 ± 0.3) µm. The lower the polymerization temperature the 
more time is available to increase the average droplet size in the emulsion template. In the 
case of the polymerization at 70 °C the time to reach the gel-point is longer (polymerization 
kinetics lower) and therefore the maximum of the log-normal function is shifted to higher 
values compared to the 90 °C sample. At a polymerization temperature of 50 °C the shift 
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and the span of the pore size distribution is larger compared to emulsion templates 
polymerized at higher temperatures. In the case of a lower polymerization temperature 
(50 °C) the polymerization kinetic is too slow in order to fix the initial structure of the 
emulsion template and therefore the 50 °C polyHIPE sample is similar to the sample which 
was stored 4 weeks at room temperature and then finally polymerized at 70 °C. 
Interestingly, further coarsening/coalescence was restricted for the room temperature 
sample after the maximum average pore size of d(P)10 = 7 µm was reached. The determined 
average pore size d(P)10 = 7 µm corresponds well to the determined maximum average pore 
size of d(P)10 = 6 µm for which the highest mechanical properties were measured (Chapter 
4.2.7). 
To conclude, the time until the gel-point of the emulsion template (preserved droplet sizes) 
is reached is important for tailoring the resulting pore sizes. In contrast to the observation 
made by Richez et al. [11] an increased polymerization temperature does not result 
necessarily in larger pore sizes although thermal convection may be higher. In fact, the 
polymerization kinetics at higher temperatures counteracts the influence of the thermal 
convection (larger droplet/pore sizes). Furthermore, the initial droplet size of the emulsion 
template must be far smaller than the resulting average pore size of the polymer foam 
polymerized at commonly 70 °C. This is an important result in terms of tailoring the pore 
sizes. Interestingly, the HIPE which was supposed to be polymerized at room temperature 
(emulsion template was still liquid after 4 weeks) and finally polymerized at 70 °C possesses 
a similar pore size density distribution function as the HIPE immediately polymerized at 
50 °C. This is a clear indication for an ‘equilibrium’ pore size for this particular emulsion 
template system at d(P) = 7 µm under room temperature conditions (see more details in 
Chapter 4.2.7). After this particular equilibrium droplet size state is reached almost no 
further coarsening of the droplets occurs. The emulsion system is in ‘pseudo-equilibrium’ 
state now. This is confirmed by the results shown in Figure 64 and Figure 65 (Chapter 4.2.7) 
where an optimum average pore size of d(P) = 6 µm was also found. The samples were 
visually more mechanical stable when produced at increased polymerization temperatures 
(‘handling properties’) but in the case of polymerization at 90 °C the ‘handling properties’ of 
the resulting polyHIPEs are poor and the samples easily break. Hence, no standard deviation 
for the mechanical properties was given since only one specimen could be prepared. As can 
be seen in Figure 105 and Table 33, the mechanical properties of polyHIPEs are almost equal 
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when prepared in the temperature range between 50 °C and 90 °C and remained constant 
within the variances of batches and errors.  
Table 33:  Elastic modulus (E), ultimate crush strength (u), elastic crush strength (y), modulus of 
resilience (MR) and toughness (MT) and quotient of MR/MT of polyHIPEs polymerized at 
different temperatures. 
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 [
°C
] 
Elastic 
modulus E 
[MPa] 
Ultimate 
crush 
strength σu 
[MPa] 
Elastic crush 
strength at  yield 
σy 
[MPa] 
Modulus of 
resilience 
MR 
[MPa∙%] 
Modulus of 
toughness MT 
[MPa∙%] 
Q
u
o
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t 
M
T/
M
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25 (70)[a] 4.4 ± 0.5 0.31 ± 0.01 0.25 ± 0.02 0.69 ± 0.01 1.31 ± 0.13 2 
50 19.8 ± 3.4 1.06 ± 0.05 0.79 ± 0.03 1.65 ± 0.22 3.47 ± 0.37 2 
70 18.0 ± 3.3 0.73 ± 0.06 0.59 ± 0.02 1.06 ± 0.09 2.18 ± 0.03 2 
90[b] 19.0 0.85 0.71 1.53 2.83 2 
[a] Stored for 4 weeks at room temperature and finally polymerized at 70 °C. 
[b] Sample cracked during removing from the test tube and therefore only one specimen could be tested.  
Comparison of the elastic modulus and the ultimate crush strength (Figure 105) as also of 
the modulus of resilience (MR) and the modulus of toughness (MT) (Figure 106) indicates 
different mechanical properties of the prepared polyHIPEs. The modulus of resilience (MR) 
and modulus of toughness (MT) of polyHIPEs produced from the respective emulsions and 
subsequently polymerized at 50 °C show the highest values. The sample stored for four 
weeks at room temperature and finally polymerized at 70 °C has the lowest mechanical 
properties. However, the quotient of MT/MR remained almost constant for all polyHIPE 
samples. The sample, which was supposed to be polymerized at room temperature 
possesses dramatically lower mechanical properties although the morphology is well 
developed and homogenous. If the openness factor (φ) of the pores and the size of pores 
and pore throats is responsible for the mechanical properties then the sample polymerized 
at 90 °C and the room temperature sample should have similar mechanical properties as 
both samples possess the same quotient of pore throat sizes and pore sizes (Table 32). 
However, as it was already shown in Chapter 4.2, open and closed porous morphologies do 
not need to be distinguished as the mechanical properties are only determined by the 
joints/struts of the polymer (formerly plateau borders in the emulsion template, Figure 
107). The lower mechanical properties cannot be caused by the pore size and throat effects 
alone and an additional effect (plasticization) must exist causing reduced mechanical 
properties. 
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Figure 105: Resulting elastic modulus (E, squares) and ultimate crush strength (σu, triangles) of 
polyHIPEs produced by polymerization of HIPEs at different polymerization 
temperatures. It should be noted that the emulsion template sample intended to be 
polymerized at room temperature (θ = 25 °C) was finally polymerized at 70 °C (see 
text for detailed explanation). 
 
Figure 106: Modulus of toughness (MT, circles) and resilience (MR, squares) and quotient of MT 
divided by MR (squares) of polyHIPEs polymerized at different temperatures. It should 
be noted that the emulsion template sample intended to be polymerized at room 
temperature (θ = 25 °C) was finally polymerized at 70 °C (see text for detailed 
explanation). 
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The Interface Within an Emulsion Template - How Pore Throats Develop and 
Mechanical Properties are Affected? 
An important characteristic of an interface is that its physico-chemical properties can be 
different, along and perpendicular to the interface. The surfactant adsorption on the 
interface is governed by kinetics and thermodynamics. Hence, two main mechanisms occur 
as depicted in Figure 107.  
 
Figure 107: Illustration of the interfacial film between droplets of an emulsion, of the surfactant 
interactions between the lamellar and the plateau phase and of the film drainage at 
the oil/water interface. 
In adjacent spherical droplets capillary flow occurs via gravitational forces on the curvature 
of the interface (film drainage). This film drainage drags surfactant molecules from the 
lamellar region to the plateau borders and, therefore, the interfacial tension is increased in 
the middle of the lamellar phase where less surfactant molecules are present compared to 
the plateau border. This gradient of the interfacial tension and disturbances at the interface 
will be compensated by rapid diffusion of surfactant molecules. Elasticity forces pull back 
the surfactant molecules, thereby, restoring the film. This effect will also result in a liquid 
(monomer) flow from the plateau borders back to the lamellar phase keeping the droplets 
separated (see also Figure 8a,b). This activity is also known as the Gibbs-Marangoni effect 
[427, 428]. Additionally, the existence of micelles rapidly compensates the surfactant 
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gradient throughout the interface as surfactant molecules can diffuse from nearby micelles 
to the interface [429]. The pore throat development is still under debate and the impact of 
the morphology on the mechanical properties is so far not clearly understood. As can be 
seen in Figure 103a, the pore throat morphology is changed; the sample which was not 
polymerized for four weeks after storage at room temperature and finally polymerized at 
70 °C possesses larger pore throat sizes than samples which were immediately polymerized 
after emulsification. However, the pore throat size cannot be responsible for the resulting 
lower mechanical properties (discussed in Chapter 0) since then also the sample 
polymerized at 90 °C should have similar low mechanical properties. 
The increased pore throat diameters are an indication of the time-dependent surfactant 
adsorption and influence of the film arrangement on the pore throat formation. Since the 
surfactant molecules have enough time to adsorb at the interface in a packed manner, 
thereby partially repressing monomers from the interface (lamellar region), the pore throats 
are widened. At the beginning of the emulsification process and immediate polymerization 
after emulsification the immiscible emulsion system is in a highly dynamic state and 
‘equilibrium conditions’ are not reached yet. The so-called ‘equilibrium condition’ can be 
determined by comparing the sample which was supposed to polymerize at room 
temperature and the one obtained by polymerizing a HIPE immediately at 50 °C. This 
indicates that an equilibrium droplet/pore size diameter of approximately d10 ≈ 7 µm for this 
particular emulsion template formulation exists (relaxation). After relaxation to the 
equilibrium droplet size no further coarsening/coalescence processes occur or the process is 
dramatically slowed down. The emulsion template is in a local energetic minimum now. The 
larger average droplet/pore sizes are not necessarily a result of the emulsion instability but 
rather due to a relaxation process after emulsification. However, this does not mean that 
the emulsion is in a real thermodynamic equilibrium state but rather kinetically entrapped. 
Nevertheless, as seen by the room temperature sample, the storage time does seem affect 
the resulting mechanical properties. Presumably, the decreased mechanical properties are 
caused by the fact that the surfactant concentrated in the plateau borders (polymer 
joints/struts) predominantly acts as a plasticizer (surfactant micelles).  
It has been already described in Chapter 2.5 that the resulting polymer morphology is 
strongly influenced by the surfactant amount which is used to stabilize the emulsion 
template, by the type of surfactant as also the internal phase ratio (Chapter 4.1.4). At very 
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low surfactant concentrations, the emulsion template will be instable and the Gibbs-
Marangoni effect cannot restore the film as the surfactant amount is too low and mainly 
coalescence occurs. The emulsion template will partially or completely separate. At 
moderately surfactant concentrations (near CMC28) the interfacial film will be balanced and 
closed porous polymer foams will be developed. The surfactant is not able to concentrate or 
percolate at the lamellar phase and rupture the thin interfacial monomer film. Additionally, 
the surfactant is not able to concentrate in the plateau borders and, therefore, high 
mechanical properties are obtained. At moderately high surfactant concentrations (above 
the CMC) the interfacial film will be disturbed and during polymerization the thin polymer 
films which covers the pore throats (Figure 8a,b) will rupture [136]. This is not necessarily 
caused by volume contraction [6] but rather caused by the smaller amount of surfactant and 
thereby high influence of any disruption at the interfacial films which cannot be balanced. 
Intrinsic volume contraction of the conversion from monomer to polymer can slightly 
support the pore throat development. However, when the surfactant is not able to 
percolate or concentrate directly through the oil-water interface closed pore morphologies 
will be obtained (Chapter 4.1.4, Figure 37g,h). During the polymerization process a stronger 
percolation (compare Figure 5b and d) of the surfactant molecules through the interface and 
additionally surfactant separation [129] can result in an open porous morphology. At very 
high surfactant concentrations the percolation of the surfactant molecules, which repress 
monomers from the interface, will result in the so-called non-droplet shaped morphology 
(Figure 38 c,d). This morphology is mainly caused by an ‘overload’ with surfactants in the 
former emulsion template. It is usually stated that closed morphologies will be obtained for 
surfactant amounts below 4 % and non-droplet shaped morphologies higher than 50 % 
[213]. However, these change with different surfactants and emulsion template systems 
[28] as every surfactant-monomer system possesses its specific adsorption dynamics and 
therefore optimal range of the surfactant concentration. Further investigations regarding 
the colloidal identity of the emulsion template will give a deeper insight into the above 
mentioned observations. 
 
                                                 
28 Please keep in mind that the CMC is also a function of the surface area in an emulsion template that  means 
small droplet size distributins have a higher surface area (e.g.Figure 62) and, therefore, CMC is higher. 
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6.7. Influence of Purification and Drying on the Polymer Foams  
(1st Generation polyHIPEs) 
Post-processing steps on polymer foams can influence their mechanical properties. Soxhlet 
extraction is commonly used to purify the monolith from residual monomers and 
surfactant(s). However, excessive solvent washing may result in lower mechanical 
properties due to dissolving and/or weakening (by swelling) of the polymer network by the 
solvent (see e.g. Ref. [430]). In developing new polymer foams it can be quite challenging to 
find suitable purification solvents which do not dissolve or swell the polymer network but 
will remove all residuals. It might be also questionable if Soxhlet extraction of closed 
polymer foams is meaningful. Furthermore, the purification of the monoliths is a time 
consuming, more or less ineffective process and may only be necessary in rare cases for 
example if BET surface areas are important in defined applications (e.g. Tissue Engineering). 
It is industrially preferable not to purify the samples, especially when large blocks of 
polymer are prepared. Soxhlet extraction studies on polyHIPEs were carried out by 
Pakeyangkoon et al. [431]. They synthesized poly(DVB)HIPEs by emulsion templating using 
the surfactants Span 80 and Span80/20 to stabilize the templates and in order to investigate 
the effect of the surfactants on the resulting polyHIPEs. The Soxhlet extraction of the 
poly(DVB)HIPEs with isopropanol was found to have an effect on the surface area and the 
mechanical properties. The removal of residual monomer, surfactant and porogenic solvent 
by the extraction technique resulted in an improvement of the polyHIPE properties such as 
a higher surface area of the purified polyHIPE (107 % compared to a pristine sample). 
However, in the study by Pakeyangkoon et al. [431] no statement was given about yield of 
removing the surfactants and additional residuals. In terms of the mechanical properties the 
authors showed [431] that the elastic modulus (E) increases slightly after 6 hours Soxhlet 
extraction and then decreases compared to the pristine monolith. However, the values are 
within the standard deviations and therefore probably identical. In order to verify the above 
mentioned results and to determine the influence of the purification and drying procedures 
an emulsion template with an internal aqueous (0.50 mol/L CaCl2) phase of 60 vol.-% and a 
continuous phase of a 1:1 mixture of ST and DVB and 20 vol.-% Hypermer 1083 with respect 
to the organic phase was prepared and polymerized. The polymerization of the emulsion 
template was initiated by 2 mol% AIBN and performed immediately after preparation (1st 
generation polyMIPE). The resulting polyMIPEs were purified by using two methods; a) 
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Soxhlet extraction in ethanol and b) by conventional washing in beakers (diffusion, Table 
34). In order to determine the impact of the different drying methods which can also 
influence the resulting mechanical properties different drying parameters were used (Table 
34). 
Calculation of the Yield of the Removed Residuals  
The ‘residuals’ were extracted from all collected phases during the purification and drying 
procedures. The internal phase which was removed by drying was collected in a water trap 
connected to the used vacuum oven. All collected phases were combined and the main 
parts water and solvent (MeOH/EtOH) were removed by evaporation in a convection oven 
at 70 °C. Afterwards, the residual water was removed by rotary evaporation. It was 
separately determined that the surfactant does not evaporate under the applied conditions. 
The concentrated residue had a brownish appearance (surfactants) and contained visible 
crystals (presumably CaCl2 ∙ x H2O). Additionally, some small amounts of water remained in 
the residue. The maximum amount of recoverable residuals of the specified MIPE of 50 mL 
volume is theoretically: 2.21 g CaCl2 ∙ 2 H2O and 4 mL (3.93 g) Hypermer 1083 resulting in an 
overall mass of m = 6.14 g. Non-reacted monomers were neglected for calculating the 
maximum amount of removable residuals as the conversion of monomer into polymer is 
unknown and the determination of amount is difficult. The extraction yield can be 
calculated as follows;  
𝑌R =
𝑚i
𝑚
∙ 100 %      ,     Equation 33 
where mi is the removed residual mass and m the maximum mass which can be removed. 
Immersing the monoliths for 24 hours each in deionized water and methanol (beakers, BG) 
in order to remove the residuals via osmosis was not successful as only YR = 21 % residuals 
could be removed. The yield of removed residuals is summarized in Table 34 and was 
determined by weighing the residuals after rotary evaporation of water. Drying at 100 °C in 
a vacuum oven increased the yield of removed residuals to YR = 26 %. However, only the 
extensive Soxhlet extraction in ethanol removed residuals effectively (yield: 104 %29).  
                                                 
29  The higher yield is caused by some residual water which cannot be removed from the residual surfactant-
CaCl2 mixture as CaCl2 is highly hygroscopic.  
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Figure 108: SEM images of polyMIPEs: a) pristine, b) 5 h Soxhlet extraction in water and EtOH, c) 
immersing (BG) the polyMIPE in water and MeOH, dried at room temperature, d) 
immersing (BG) in water and MeOH dried at 100 °C in a convection oven, e) directly 
freeze dried and f) freeze dried after solvent exchange in DMC. The slightly larger pore 
sizes in a) result from a sample which was emulsified with different parameters 
(shorter emulsification time). As can be seen, the polymer wall roughness increases by 
extensive organic solvent purification. 
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Table 34:  Summary of the physical and mechanical properties of polyHIPEs regarding the applied 
purification and drying procedures, yield of removed residuals (YR) and resulting elastic 
modulus (E), ultimate crush strength (σu), BET surface area, porosity (P), foam density 
(ρf), specific pore volume, modulus of resilience (MR) and toughness (MT) and the 
quotient of MR/MT of standard poly(DVB-ST)MIPEs treated by different purification and 
drying procedures. 
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Unpurified 100 °C --- 20.2 ± 2.8 1.47 ± 0.16 0.94 ± 0.02 66 0.37 1.8 2.26±0.01 7.72±0.08 3 
BG, 24h 
DMC,DMC 
Freeze 
dryer 
34 17.5 ± 1.5 1.50 ± 0.02 3.41 ± 0.02 62 0.42 1.5 2.89±2.12 7.96±0.92 3 
BG 24h, 
MeOH H20 
RT 21 20.3 ± 1.9 1.47 ± 0.07 2.71 ± 0.03 70 0.33 2.1 2.20±0.74 8.68±1.98 4 
BG 24h 
MeOH H20 
100 °C 26 26.5 ± 1.0 1.49 ± 0.09 2.45 ± 0.03 69 0.35 2.0 2.89±0.26 5.34±0.14 2 
6h Soxhlet 
EtOH 
100 °C n.d. 29.1 ± 1.9 1.67 ± 0.14 11.15 ± 0.02 74 0.28 2.6 2.96±0.30 7.19±0.89 2 
20h 
Soxhlet 
EtOH 
100 °C 104 16.3 ± 3.8 1.52 ± 0.20 15.08 ± 0.02 76 0.26 2.9 2.23±0.78 7.83±1.00 4 
BG indicates immersing in beakers for 24 h each in MeOH and deionized water at room temperature, or twice in DMC. Soxhlet 
indicates the Soxhlet extraction for different times (hours) in EtOH at 78 °C. 100 °C drying indicates using the vacuum (p < 1 mbar) 
oven, RT indicates that the samples were dried at room temperature until weight constant and additionally one sample was freeze 
dried (in Edwards Modulyo freeze dryer, U.K.).  
When immersing the monolith in dimethyl carbonate (DMC, 2 times 24 hours) and 
subsequent freeze drying removed YR = 34 % residuals from the polymer foam. The SEM 
images of the different purified and treated polyMIPEs show very well defined polyHIPE 
morphologies (Figure 108). The pore walls of the purified polymer foam became rougher 
when the amount of surfactant being removed was increased. This also increases the 
porosity of the sample. The BET surface area, pore volume and porosity increase (foams 
density decreased) as the monoliths were satisfactorily purified and dried. The expected 
porosity is 60 %. The above mentioned results are contrary to a comparable study given in 
the literature where a drying at 110 °C of a poly(ST) foam resulted in a smooth surface area 
[98]. The mechanical properties were determined via compression tests. In Figure 109, the 
mechanical properties of unpurified (pristine) and Soxhlet purified samples are compared. 
The relationship of the respective mechanical properties versus the Soxhlet purification 
time is quite similar to that shown in Ref. [431]. It seems that excessive Soxhlet extraction 
of 20 hours in EtOH may result in decreased elastic moduli (E) due to solving and weakening 
of the polymer matrix. The determined increased moduli, when the monolith was Soxhlet 
purified for 6 hours, are not necessarily increased compared to the other samples since all 
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values are within the determined standard deviation when using different batches of 
samples (see reproducibility Chapter 4.2.7). However, the mechanical properties are almost 
equal within the error especially when compared to the variation of ten batches of 
unpurified monoliths (unfilled symbols in Figure 109 right). Comparing the mechanical 
properties of the other post-treated monoliths (Table 34), it can be seen that the resulting 
mechanical properties are very similar to each other. Only samples immersed afterwards in 
deionized water and dried at 100 °C (BG, 100 °C) and the 6 hours Soxhlet purified sample 
have slightly higher mechanical properties compared to unpurified and 20 hours Soxhlet 
extracted polyMIPEs. The differences may be also due to variations between batches. At 
high levels of surfactant (unpurified samples) the residual moisture can cause the lower 
mechanical properties (see Chapter 4.2.5). 
 
Figure 109: Representative (cross-head) stress-strain plot (left) and summary of the mechanical 
properties of polyMIPEs depending on the duration of the Soxhlet extraction in EtOH 
(right), compared to the variance from ten batches (blue, none-filled symbols). The 
behaviour is similar to this shown in Ref. [431]. Please note, for clarity only one stress-
strain measurement per sample is shown.  
FT-IR Spectroscopy 
In order to verify differences in the chemical structure of the templated polymers and if all 
surfactant was removed, FT-IR measurements were carried out on the obtained polymer 
foams. FT-IR spectra of an unpurified polymer foam and of a 20 hours Soxhlet extraction 
purified polymer foam are shown in Figure 110 in comparison to the FT-IR spectrum of the 
pure surfactant Hypermer 1083. The FT-IR spectrum of the unpurified sample shown in 
Figure 110 indicates that CaCl2 (indication at 𝜈 = 1632 cm-1 and 𝜈 ≈ 3400 cm-1 (OH)) 
remained in the polymer foam and therefore overlaps the respective FT-IR spectrum. 
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Figure 110: FT-IR spectra of unpurified poly(DVB-ST) foams (dashed black line), after 20 hours 
Soxhlet extraction (straight red line top) and surfactant Hypermer 1083 (straight blue 
line bottom) as reference.  
Also the purified sample has some residual CaCl2. The typical bands for poly(DVB-ST) can be 
identified (FT-IR (poly(DVB-ST) ) at 𝜈 [cm−1]; < 900 (benzylic), 904 (m-DVB), 985 (ST), 1031 
(ST), 1447-1497 (ST and DVB), 2800). The significant band which only occurs for one kind of 
monomer is for DVB and ST 𝜈 = 822 cm−1 and 𝜈 = 1585 cm−1, respectively. The overlapped 
band at 𝜈 = 1632 cm−1 of the unpurified sample splits up in a doublet of 𝜈 = 1605 cm−1 and 
𝜈 = 1701 cm−1 after excessive purification (20 hours Soxhlet). In comparison to pure 
Hypermer 1083 surfactant which possesses a significant band at 𝜈 = 1738 cm−1 (C=O), the 
band at 𝜈 = 1701 cm-1 (COO, asym.) is downshifted and an indication for residual surfactant. 
The comparison at higher magnification shows that the surfactant Hypermer 1083 is still 
remaining in the samples even after excessive Soxhlet extraction (Figure 111). After taking 
the FT-IR spectrum the same sample was additionally purified in hot deionized water (90 °C) 
followed by acetone in order to see further differences in the FT-IR spectrum. It can be seen 
in Figure 111 that the typical band for the surfactant Hypermer 1083 still remains 
(𝜈 = 1737 cm−1, C=O) even after additional extensive purification of a small piece of sample.  
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Figure 111: FT-IR spectra of additionally purified poly(DVB-ST)MIPE specimens; after hot water 
treatment (90 °C, bright purple line, middle) and heated acetone treatment (dark 
black line, middle) compared to the unpurified polyMIPE (top red line) in order to 
determine if the purification removed the residual surfactant Hypermer 1083 (bottom 
blue line). 
Obviously, it is challenging to remove all remaining residuals by the commonly used 
purification and drying methods. Presumably, the surfactant is entrapped in the polymer 
walls. This is in agreement with Reynolds et al. [410] observations that a large amount of 
surfactant is entrapped in the organic phase as micelles instead of being adsorbed at the 
interface and therefore difficult to remove. Additionally, it fits well to the hypothesis that 
the surfactants are well solubilized in the organic phase (Chapter 4.1.2). However, in terms 
of the BET measurements the purification results in higher BET surface areas (Table 34). The 
higher nano- und mesoporosity is caused by the remove of surfactant and the increase in 
polymer wall roughness (compare Figure 108 e and f). The surfactant molecules, which 
covered the pore walls (directly at the interface of the emulsion template) can be easily 
removed and increases the BET surface area due to increased ‘roughness’ of the polymer 
walls (compare Figure 108a and b). The large standard deviations of the resulting 
mechanical properties in purified polymer foams dried at room temperature can be also 
caused by some residual calcium chloride (CaCl2 ∙ x H2O) within the polymer (e.g. Figure 
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112). The hygroscopic nature of CaCl2 can also result in an adsorption of moisture. Moisture 
may weaken the mechanical properties (plasticize) and therefore increases the standard 
deviation of the determined mechanical properties. 
 
Figure 112: Chlorine mapping via energy-dispersive spectroscopy (EDS) in a SEM of a 
polyPickering(ST-DVB)HIPE. The chlorine (bright green areas) in the pores (circles) 
results from the formerly internal aqueous CaCl2 phase. 
To conclude, it can be shown that neither the surfactant nor the calcium chloride can be 
completely removed by the applied purification and drying procedures and the residual 
surfactant may adsorb humidity. The purification and drying procedures do not have any 
significantly enhanced post-processing effects such as post-curing of poly(ST-DVB) foams. 
Therefore, it is not necessary or even not advisable to purify the foams unless the surface 
area and/or purity (e.g. for biological/medical applications) are important issues. 
Purification is a time consuming and therefore expensive process and it is questionable if 
the purification of an industrial whole large monolith is really economical. However, one 
needs to keep in mind that moisture plasticizes the polymer foams and, therefore, the 
electrolyte should be changed to a none-hygroscopic electrolyte, e.g. sodium chloride.  
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‘Sometimes: Less is often More’ – 
‘Post et cum hoc ergo propter hoc - sometimes More is More and Less is Less!’ 
